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SUMMARY 
The cathode fall of a self-sustained glow discharge is the a region of highest electric field, 
and consequently the region where glow-to-arc transitions are most likely to be initiated. 
Reducing the cathode fall voltage of a glow discharge in atmospheric pressure air from 
more than hundred volts air to tens of volts has allowed us to generate stable, direct 
current glow discharges in atmospheric air. This was obtained by using a microhollow 
cathode discharge as electron emitter for the glow discharge cathode. First experiments 
with single discharges of millimeter dimensions have proven the concept of high pressure 
glow discharge stabilization. The extension of the atmospheric pressure air glows to 
centimeter and larger volumes has been demonstrated: in transverse direction through 
parallel operation of two single microhollow cathode sustained glow discharges, - in 
longitudinal direction through increased voltage operation. Limits in discharge stability 
dependent on the discharge current have been explored. It was found that dc operation is 
limited to approximately 20 mA per microhollow cathode discharge. Pulsed operation 
allowed us to increase the current up to approximately 100 mA in the microsecond time 
regime before glow-to-arc transition occurs. The current in the air glow discharge can be 
controlled independent of the electric field in the air plasma by varying the plasma 
cathode current This has been demonstrated by turning the discharge on and off, through 
plasma cathode control, on a submillisecond time scale. Electron densities of more than 
1013 cm"3 and gas temperatures of less than 2000 K, sustained for times exceeding 10 ms 
are goal values of the plasma rampart program. Anyone of the three conditions has been 
reached with this discharge concept Electron densities in the atmospheric pressure air 
discharges on the order of 1013 cm"3 have been measured by using laser interferometry. 
The gas temperature was measured by means of emission spectroscopy of the rotational 
spectrum of nitrogen. The temperature could be kept at and below 2000 K for low 
discharge currents (<4 mA), or, at higher currents, when helium was added to air. The 
electrical power required to sustain a 1013 cm'3 electron density in 1 atm air was found to 
be 5 kW/cm3, consistent with theoretical estimates. Experimental studies to lower this 
power consumption have been initiated. They are based on a pulsed electric field induced 
shift of the electron energy distribution to higher energies. This shift causes a nonlinear 
increase in ionization rates and consequently a nonlinear increase in plasma decay time. 
The maximum duration of the electric field pulses is limited to times shorter than the time 
constant for the development of glow-to-arc transitions, typically much less than 50 ns. 
Pulsed electric fields of 10 ns duration have been applied to the dc plasma, and an 
increase in plasma decay time from tens of nanoseconds at electric fields of 10 kV/cm to 
several microseconds at electric fields at 40 kV/cm. The pulsed electric field method was 
also applied to an atmospheric pressure air plasma at Stanford University (Prof. C. 
Kruger). According to the results obtained at Stanford University the pulsed electric field 
method results in power saving by more than two orders of magnitude when the 
discharge is operated in a repetitive mode. 



Achievements 
The goal statement for the Air Plasma Rampart Program (APRP) is: "to discover physical 
mechanisms for significantly reducing the power consumption for creating and 
maintaining a stable plasma volume of five centimeter minimum dimension with free 
electron densities of at least 1013 cm"3 for durations greater than 10 ms in sea level air at 
gas temperatures below 2,000 K. Instabilities, particularly the Glow-to-Arc Transition 
(GAT) which evolves from the cathode fall of glow discharges, have been a major 
obstacle for the operation of stable, atmospheric pressure glow discharges. The use of 
microhollow cathode discharges [K.H. Schoenbach et al, Appl. Phys. Lett 68,13 (1996), 
and Plasma Sources Science and Techn. 6, 469 (1997)] as stabilizing elements in the 
cathode fall region and as voltage controlled electron sources for high-pressure glow 
discharges in air was the main topic of this research work. Another important topic, 
reduction of the power consumption of atmospheric pressure glow discharges, was 
addressed in the final year of this grant 

Scientific achievements over the funding period of this grant are listed below: 

1. We are able to generate weakly ionized, direct current air plasmas without 
additives at atmospheric pressure and above, by using microhollow cathode 
discharges as plasma cathodes. 

2. The current in these discharges discharges, and consequently the electron density 
and gas temperature can be varied by modulating the microhollow cathode 
current 

3. The gas temperature of the air plasmas was measured and found to be 
approximately 2000 K and above depending on discharge current 

4. Electron densities have been measured and found to be on the order of 10   cm" 
in 10 mA atmospheric pressure air discharges. 

5. Parallel operation of atmospheric pressure air plasma discharges has been 
demonstrated. 

6. The distance between the discharge electrodes has been extended from 
millimeters to more than one centimeter. 

7. The power density required to sustain these dc plasmas was found to be on the 
order of kW/cm3, in accordance with theoretical values [RJ. Vidmar, IEEE Trans. 
Plasma Science 18,733 (1990)]. 

8. Experiments with pulsed electric fields superimposed to the dc plasma (performed 
both at Old Dominion University and Stanford University) indicate power savings 
by more than two orders of magnitude, bringing the required power density into 
the tens of W/cm3 [Robert H. Stark and Karl H. Schoenbach, "Electron Heating in 
Pulsed Atmospheric Pressure Glow Discharges," submitted to J. Appl. Phys.]. 

A summary of the achievement with respect to the goal space is shown in Fig. 1. 

In addition to the work on plasma cathodes we have concentrated our efforts (DURIP 
grant: Test Facility for Atmospheric Pressure Plasmas, Grant No: F49620-98-1-0347) to 
the development of relevant diagnostic techniques for atmospheric pressure plasmas, 
particularly, power consumption, gas temperature and electron density. 
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Fig. 1 Goals and Achievements 

1. Stability 

We were able to demonstrate experimentally the concept of using microhollow cathode 
discharges (MHCD) as plasma cathodes for high pressure glow discharges in general, 
first in argon, later in air. The typical electrode geometry and a photograph of an 
atmospheric pressure argon discharge is shown in Fig. 2. A paper has been published on 
our initial results (Robert H. Stark and Karl H. Schoenbach, J. Appl. Phys. 85, 2075 
(1999)) and a patent application on this novel concept has been submitted. The concept 
has been successfully applied to atmospheric pressure air, and the results of this study 
have been published (Robert H. Stark and Karl H. Schoenbach, Appl. Phys. Lett 74, 
3770(1999)). 

The range of stable operation for both dc, and pulsed plasma cathodes based on 
microhollow cathode discharges was explored. The current density limit is determined by 
the onset of glow-to-arc transitions. It was found mat discharges in one atmosphere air 
can be run in a stable mode up to approximately 20 mA. This corresponds to a current 
density in the hollow cathode of more than 250 A/cm2. In the pulsed mode discharge 
currents of almost 100 mA could be obtained for microsecond duration. 
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Fig. 2 Experimental setup, and photograph of an argon atmospheric pressure glow. 

2. Temporal Control 

Voltage-current measurements of the hollow cathode discharge and the microhollow 
sustained glow discharge in atmospheric air, show that above a certain threshold current, 
required to ignite the microhollow cathode sustained glow, the current of the MHCD and 
that of the sustained glow are almost identical (Fig. 3). Variations in the microhollow 
discharge current, which can be obtained by small variations in microhollow discharge 
voltage cause identical changes in the sustained glow, independent of the voltage across 
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Fig. 3 Current of glow discharge 
(IMCS) versus plasma cathode current 
(IMHCD). 



the glow. This controllability has been demonstrated in a switching experiment With a 
voltage, greater than the sustaining voltage, applied to the main discharge gap, the 
microhollow cathode discharge was turned on and turned off. It could be shown that the 
current in the main discharge followed exactly Ihe current of the micro discharge (plasma 
cathode). Experimental results are shown in Fig. 4. 
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Fig. 4a Temporal development of the 
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microhollow controlled glow 
discharge. 
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Fig. 4b Temporal development of the 
control current in the microhollow 
cathode discharge and the controlled 
current in the glow discharge 

3. Gas Temperature 

In order to obtain information on the gas temperature emission spectroscopy has been 
used. The rotational structure of the C to B transition in molecular nitrogen is being 
measured and used to extract information on the rotational temperature which is assumed 
to be identical with the gas temperature. The method is described in a paper presented at 
the 1999 AIAA (Rolf Block, Olaf Toedter, and Karl H. Schoenbach, Proc. 30* AIAA 
Plasmadynamics and Lasers Conf, Norfolk, VA, July 1999, paper AIAA-99-3434). The 
model which is used can be easily implemented and provides good estimates of the 
temperature. A more sophisticated model for the N2 emission, with higher accuracy, has 
been developed by Christophe Laux et al (Christophe O. Laux, Richard J. Gessman, and 
Charles H. Kruger, "Measurements and Modeling of the Absolute Radiative Emission of 
Air Plasma between 190 and 800 nm," to be submitted to JQSRT, Summer 1999). In a 
joint project with the team at Stanford University, C. Laux has applied his model to our 



plasma. The results are described in a second paper presented at the 1999 AIAA (Robert 
H. Stark, Uwe Ernst, Mohamed El-Bandrawy, Christophe Laux, and Karl H. Schoenbach, 
30th AIAA Plasmadynamics and Lasers Conf., Norfolk, VA, July 1999). The gas 
temperature was found to depend linearly on the discharge current at currents up to 8 mA 
and seems to saturate at higher currents (Fig. 5). 
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Fig. 5. Gas temperature in atmospheric pressure glow discharges with electron densities 
of approximately 1013 cm*3. 

In addition to emission spectroscopy we have applied CO2 laser interferometry to obtain 
information on the gas temperature [Frank Leipold, Robert H. Stark, Ahmed El-Habachi, 
and Karl H. Schoenbach, "Electron Density Measurements in an Atmospheric Pressure 
Air Plasma by Means of JR Heterodyne Interferometry" to appear in Journal of Physics 
D: Applied Physics]. Laser interferometry was used in order to obtain the required spatial 
resolution of less than 100 urn, a characteristic length of the Microhollow cathode 
discharge sustained plasmas. 

The phase shift is determined by electrons and by heavy particles. In the range of interest, 
at electron densities of 1013 cm"3 and for the wavelength of the laser (10.6 um) the heavy 
particle contribution to the index of refraction are dominant However, using the fact that 
the time scale for the electron generation is much faster than heating of the gas, the 
contributions of electrons and heavy particles could be separated. Fast variations of the 
phase were assumed to be due to changes in the electron density, slower variations due to 
changes in the heavy particle density. The density of the heavy particles, atoms and 
molecules, is related to the gas temperature, T, through the ideal gas law, p = NkT. The 
results of these measurements on a one atmosphere air discharge (Fig. 6a) are shown in 
Fig. 6b. 

4. Electron Density 

Laser interferometry has also allowed us to determine the electron density. The results of 
the measurements are shown in Fig. 6b. In order to obtain the value of the electron 



density, independently from the laser interferometric method, we have used electrical 
diagnostics (current and voltage) and optical diagnostics (appearance of the plasma). 
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These fundamental diagnostic methods allow us to obtain information on stability, power 
consumption, average electric field, E, and current density, J, and through electron 
mobility data, information on the electron density, n«. The electron mobility in air at room 
temperature, u«, is related to the gas pressure, p, in the following way: 

He p = 0.45106 cm torr/Vs   [Y.P. Raizer, Gas Discharge Phvsics. Springer, 1997, p. 11]. 

Correcting the equation for the measured temperature of 2,000 K provides us with a value 
of the electron mobility at atmospheric pressure of 3.9 103 cm2/Vs. The electron density 
in the positive column of the atmospheric pressure air glow discharge can then be 
obtained from Ohm's law, J = en^E. It is 5-1012 cm'3 for E = 1.2 kV/cm and J = 3.8 
A/cm2. 



5. Plasma Volume 

Large volume atmospheric pressure air plasmas, based on the microhollow cathode 
discharge sustained glow can be obtained by 
1. increasing the electrode gap of the MHCD sustained glow discharge, and by 
2. extending the plasma in lateral direction by superimposing the individual MHCD 

sustained glow discharges (formation of arrays). 

Experiments with extended gap length have been performed. Fig. 7 shows photographs of 
discharges between electrodes of 4 mm and 20 mm distance between the electrodes. The 
maximum distance over which a glow discharge in atmospheric pressure air can be 
sustained is dependent on the discharge current The distance increases from 
approximately 8 mm for 4 mA discharges to about 20 mm for 13 mA discharges [Fig. 8, 
insert]. 

Fig. 7a. Upper left: Discharge in 
atmospheric pressure air with a current 
of 5 mA. The electrode gap is 7 mm 
Fig. 7 b. Upper right: Same as in Fig. 7 
a, but at a current of 5 mA. 
Fig. 7c. Same as 7a, but with an 
electrode gap of 20 mm 

The information on the maximum distance for which a stable discharge could be operated 
was obtained by increasing the gap in small steps and recording the discharge voltage at 
each step [Fig. 8]. This method allows us to determine the cathode fall voltage, which is 
the voltage value at which the voltage versus distance curves intersect the abscissa. The 
cathode fall in this discharge which is sustained by a microhollow cathode discharge is 
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Fig. 8. Discharge voltage versus gap length with current as variable parameter. The gap 
length over which the discharges is stable depends on the discharge current [insert]. 

not zero, but has a finite value, dependent on the discharge current [Fig. 9]. It ranges 
between 40 and 20 V, with the highest value for the lowest current. This is still small 
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compared to the normal cathode fall voltage of air, which is in the range from 180 V to 
420 V for air [A. v. Engel and M. Steenbeck, Elektrische Gasentladungen, ihre Phvsik 
und Technik, vol 2, p. 103]. 

Differentiating the voltage versus distance curve allows us to obtain the electric field 
distribution. The result for the 13 mA discharge is shown in Fig. 10. The electric field 
decreases from a value of 1.6 kV/cm close to the cathode to a constant value of 1.1 
kV/cm at distances greater than 1 cm. As the electric field, the current density decreases 
with increasing distance from the cathode (due to the increasing plasma cross-section as 
shown in Fig. 7c). The electron density in such a discharge decreases from 2 10 cm" at 
the cathode to approximately 10n cm"3 in the range of constant J and E. 
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Parallel operation of MHCD sustained glow discharges in air without ballast was 
demonstrated in the pressure range below hundred Torr, where the current-voltage 
characteristic of the MHCD has a positive slope. For higher pressures, and particularly 
for atmospheric pressure air the slope was found to be negative [Fig. 11], which indicates 
that ballasting of the individual discharges is necessary. 

Atmospheric pressure air experiments have therefore be performed with parallel 
discharges. A photograph of such "discharge arrays" is shown in Fig. 12. It shows to 
parallel, ballasted discharges in atmospheric pressure air, 4 mm apart between electrodes 
1.2 cm apart The discharges merge and generate a homogeneous plasma in the gap 
between the electrodes. Instead of individually ballasting the discharges it is possible to 
use distributed ballast The results of experiments in argon where a semi-insulating 
semiconductor was used as anode and distributed ballast indicated that this relatively 
simple method will allow us to operate arrays of discharges at atmospheric pressure air. 

11 



Results of parallel operation studies were published in IEEE Trans. Plasma Science (W. 
Shi, R.H. Stark, and K.H. Schoenbach, IEEE Trans. Plasma Science 27,16 (1999)). 
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Fig. 11. Electric field measured at a distance 
of 1 mm from the cathode versus discharge 
current 

Fig. 12 Atmospheric pressure glow discharges in air sustained by two microhollow 
cathode glow discharges (bottom). The distance between the discharges is 4 mm, the gap 
is 1.2 cm 
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6. Power Consumption 

The theoretical value for the power per unit volume, P, required to sustain a plasma with 
a given electron density, n«, is: 

P = neWion/T 

where Wioa is the average energy to generate an electron-ion pair, and T is the plasma 
lifetime. With Wion for dry air being 33.7 eV, and x for an air plasma with an electron 
density of 1013 cm"3 being 10 ns [R.J. Vidmar, IEEE Trans. Plasma Science 18, 733 
(1990)] the calculated value of P is 5.4 kW/cm3. This value is almost identical with our 
experimental result of 5.3 kW/cm3. The microhollow cathode sustained air plasma can 
therefore be considered as baseline plasma for nonthermal atmospheric pressure air 
discharges. 

The parameters, which describe the plasma at its present state are listed in Fig. 1 and are 
compared with the goals of the plasma rampart program Whereas the goals to reach a 
stable atmospheric pressure air plasma, scalable in size, at gas temperatures of less than 
2,000 K and electron densities of 1013 cm"3 and greater have been achieved, the power 
consumption for the dc discharge operation is so far too high to be useful in Air Plasma 
Ramparts. 

In order to reduce the power consumption several approaches have been considered: 
a) use of gas additives (such as He, or organic gases with low ionization potential), 
b) combustion 
c) heating of the electrons. 

Experiments using helium (He) as additive have been performed. It was found that it has 
a positive effect on the gas temperature [Fig. 13], however, the reduction in power 
density was far less than required for use in Plasma Ramparts. 
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The second approach seemed to be more promising. Combustion plasmas have been 
studied at Stevens Institute of Technology by E. Kunhardt A stable discharge was 
generated in a hydrocarbon-air mixture at atmospheric pressure between parallel plate 
electrodes with a 7 cm separation. The initiating potential for the glow was 15 kV, while 
the sustaining voltage was found to be 1.6 kV. Assuming a cathode fall voltage of 250 V, 
the average electric field in the bulk of the discharge is 190 V/cm, more than an order of 
magnitude lower than the electric field in the raw air discharge. Power densities of far 
less than one kW/cm3 can be expected by using this method. The reason for this reduction 
was assumed to be increased detachment of electrons from negative ions. However initial 
experiments in our lab have not yet confirmed the expected savings in power when the 
discharge was operated in the combustion mode. The experimental setup, and some 
results of the combustion experiment are described in the third progress report for this 
project 

The third approach, heating of the electrons (or, in other words, shifting of the electron 
energy distribution to larger values of energy, £) seems to offer the highest rate of 
success. The concept can be understood by considering the effect of the electron energy 
distribution, f(e), on the rate coefficients for gain and loss processes in the plasma and 
transport coefficients. Rate coefficients are defined as: 

k = (2/m)1/2Jo(e)e1/2f(e)de 

where O(E) is the cross-section for the respective gain or loss process, and m is the 
electron mass. Another loss process, with respect to electron energy rather than electron 
density, is vibrational excitation, which for nitrogen has a peak at approximately 2 eV. 
Heating of the electron by using unmodulated or modulated pulses with duration of less 
than the electron relaxation time will not only reduce the losses in electron density but, 
more important, increase the gain. An strong increase in ionization can be expected, since 
the cross-section for ionization increases over the entire relevant range of electron 
energies in a self-sustained gas discharge. The transport coefficients are also affected by 
the electron heating. The electron mobility for dc plasmas, e.g. is defined as: 

u = _(4K/3) (e/m) f v3 9fydv /vm dv 

where v is the electron velocity, vm is the collision frequency, and fo is the isotropic part 
of the distribution function, f. Again, the shape of the distribution function affects 
through the mobility, the electron density. 

In order to study the effect of pulsed electric fields on the electron density, we have built 
a 10 ns pulse generator and applied the pulse to our dc plasma. The results of this study, 
which are described in the attached manuscript on 'Electron Heating in Pulsed 
Atmospheric Pressure Glow Discharges (submitted for publication in J. Appl. Phys.) are 
very encouraging with respect to power savings. 

14 



7. Cooperative Efforts 

A set of diagnostic techniques, appropriate for the evaluation of APRP plasmas has been 
discussed and documented. Contributors to the "Recipe Booklef * were, besides the P.I. of 
this project, Charles Krueger and Christophe Laux of Stanford, Erich Kunhardt of 
Stevens Institute of Technology, Richard Miles of Princeton, and Rolf Block and Olaf 
Toedter of Old Dominion University. The topics of the booklet are a) electron density 
measurement techniques, and b) gas temperature measurement techniques. Editors are 
Dan Kelley (Boeing) and Karl H. Schoenbach (Old Dominion University). 

Besides the collaborative work with the Stanford, Princeton and Stevens group on the 
development of diagnostic techniques for the APRP plasma, the ODU team has 
established research ties to the research group at Stevens, University of Wisconsin, and 
Stanford. K Becker at Stevens is performing spectral measurements in the VUV on 
microhollow cathode discharges, with the goal to obtain information on the electron 
energy distribution. He has observed neon excimer emission at 86 nm, indicating electron 
energies greater than 15'eV. The discharge chamber for these studies was provided by 
ODU. Prof. Scharer at the University of Wisconsin, Madison, is working with us on 
microwave diagnostics of plasmas. He is using temporarily a microwave interferometer 
which was obtained by ODU [K.L. Kelly, J.E. Scharer, M. Laroussi, R. Block, and KH. 
Schoenbach, "Measuring Electron Densities in Highly Collisional Plasmas Using a 110 
GHz Interferometer," Conf. Record, IEEE Intern. Conf. Plasma Science, New Orleans, 
2000, paper 2P26, p. 147], and will provide guidance in setting up a similar experiment at 
ODU. The cooperation with the group at Stanford on modeling of nitrogen spectra has 
resulted in a joint publication (Robert H. Stark, Uwe Ernst, Mohamed El-Bandrawy, 
Christophe Laux, and Karl H. Schoenbach, 30th AIAA Plasmadynamics and Lasers 
Conf., Norfolk, VA, July 1999). 

Most recently (spring 2000) we have intensified our collaboration with the Stanford 
University group under the guidance of Prof. C. Kruger. A similar pulse generator as 
used at Old Dominion University has been provided to this group to support their studies 
on pulsed electric field effect on atmospheric pressure plasmas. Dr. R Stark, a senior 
scientist in our laboratory has helped to set the system up, and has assisted in the 
measurements at Stanford. The results of this collaborative effort have strongly supported 
the pulsed electric field concept, and have been published as a conference paper [Manoj 
Nagulapally, Graham V. Candler, Christophe O. Laux, Lan Yu, Denis Packan, Charles H. 
Kruger, Robert H. Stark, Karl H. Schoenbach, "Experiments and Simulations of DC and 
Pulsed Discharges in Air Plasmas," 31st AIAA Plasmadynamics and Lasers Conf, 
Denver, CO, July 2000, paper AIAA 2000-2417]. 
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Electron Heating in Pulsed Atmospheric Pressure Glow Discharges 

Robert H. Stark and Karl H. Schoenbach 
Physical Electronics Research Institute, Old Dominion University, 

Norfolk, Virginia 23529 

Abstract 

The application of nanosecond voltage pulses to weakly ionized atmospheric pressure plasmas 
allows heating the electrons without considerably increasing the gas temperature, provided that 
the duration of the pulses is less than the critical time for the development of glow-to-arc 
transitions. The shift in the electron energy distribution towards higher energies causes a 
temporary increase in the ionization rate, and consequently a strong rise in electron density. This 
increase in electron density is reflected in an increased decay time of the plasma after the pulse 
application. Measurements of the temporal development of the voltage across an atmospheric 
pressure glow discharge in air and the optical emission in the visible after applying a 10 ns high 
voltage pulse showed an increase in plasma decay time from tens of nanoseconds to 
microseconds when the pulsed electric field amplitude was raised from 10 kV/cm to 40 kV/cm. 
Temporally resolved photographs of the discharge showed that the plasma column expands 
during this process. The nonlinear electron heating effect can be used to reduce the power 
consumption in a repetitively operated air plasma considerably compared to a dc plasma 
operation. Besides allowing power reduction, pulsed electron heating has also the potential to 
enhance plasma processes, which require elevated electron energies, such as excimer generation 
for ultra violet lamps. 

Introduction 

High pressure glow discharges are used in plasma processing, gas lasers, chemical and bacterial 
decontamination of gases, and as mirrors and absorbers of microwave radiation. The latter 
applications require the use of air plasmas at atmospheric pressure. Transient high pressure glow 
discharges in air, such as barrier discharges [1] and ac discharges are already well established, but 
recently high pressure dc discharges with dimensions of centimeters have been generated by 
using novel plasma cathodes [2,3]. One of them is a microhollow cathode discharge sustained 
plasma, where the microhollow cathode discharge provides the electrons for the main discharge. 
The elimination of the cathode fall, the cradle for glow-to-arc transition has allowed us to 
generate dc glow discharges in atmospheric pressure air with electron densities of 10 cm' and 
gas temperature below 2000 K [4,5]. The electrical power density required to sustain these 
plasmas is approximately 5 kW/cm3, a power which limits the size of the plasma to values on the 
order of cubic-centimeter, due to economic and thermal management reasons. 

The electric field strength required to sustain the 1013 cm'3 electron density plasma was measured 
as 1.2 kV/cra At a gas temperature of 2000 K, the gas density, N, is 3.7101* cm'3, the reduced 
electric field strength, E/N, consequently 32 Td. The electron energy distribution function, f(s), 
where e is the electron energy, in these dc high pressure plasmas is fully determined by the 
reduced electric field, E/N. For air at atmospheric pressure, and an E/N of 32 Td it is shown in 
Fig. 1. The electron energy distribution was calculated by means of "ELENDE7" [6]. The cross- 
section for ionization, oioa, of nitrogen and oxygen, the major gas components in air, are shown in 
the same figure [7]. Multiplying the cross-section with the electron energy distribution and the 



square root of the electron energy integrated over the energy provides us with the ionization rate 
coefficient, k. 

1    "    „ [i] 

The ionization rate coefficient increases strongly with E/N for electric fields which are greater 
than the electrical field required to sustain the discharge in a steady-state mode (in our case 32 
Td). This is shown in fig. 1, where the non-equilibrium electron energy distribution (for the case 
of a 1 ns rise time pulse of 120 Td amplitude after a time of 50 ns) is clearly shifted into the range 
of increasing ionization cross-sections. This increase in ionization rate leads to a strong increase 
in electron density. The electrons transfer their energy to the heavy particles, heating the gas. Gas 
heating leads to glow-to-arc transitions [2]. For atmospheric pressure glow discharges in air the 
time constant for the development of an arc is on the order of nanoseconds, the same order of 
magnitude as the electron relaxation time. The electron relaxation time, T„ the time the electrons 
need to transfer their energy to heavy particles by means of electron collisions, is: 

-JL± m 
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where uc is the electron collision frequency which for atmospheric pressure air is about 10   s' 
[8]; m and M are the masses of the electrons and the heavy collision partner, gas atoms and 
molecules, respectively. 

In order to shift the electron energy distribution to higher energies, by means of a pulsed electric 
field, the duration of the pulse needs to be less than the time for the development of glow-to-arc 
transitions. The higher the electric field, the shorter the pulse needs to be. The increased rate of 
ionization causes a strong increase in electron density, as noted before. The electron density 
obtained by applying a 10 ns, trapezoidal pulse, with a rise and fall time of 1 ns, right at the end 
of the pulse is shown in Fig. 2 with the reduced electric field, E/N, as variable parameter. 

The electron density increases super-linearly from MO13 cm'3 at 60 Td to 3.8-101 cm" at 250 Td. 
Consequently, assuming that the electron losses after the E-field application are due to 
recombination only, the decay time of the electron density, t* increases from tens of nanoseconds 
to microseconds. The decay time is defined as the time it takes to reduce the electron density from 
its peak value, ne,p, to an equilibrium value, ne,<>: 

td = (rie.p - ne,o)/(ß n.,0 ne,p) [3] 

with ß being the electron-ion recombination coefficient. This time approaches the constant value: 

td=l/(ßne.0) M 

for ne,p » ne,0. 

For air with an assumed ß - 10'7 cm'V [8] and an equilibrium electron density of 1013 cm'3 it is 
on the order of one microsecond. 



In order to explore the electron heating effect of short electric pulses in a high pressure gas we 
have studied the temporal decay of the electron density in a MHCD sustained plasma in 
atmospheric pressure air. The temporal development of electron density after applying a short 
electric pulse is reflected in the temporal development of the electrical parameters of the 
discharge and the emission of recombination radiation. Both quantities were measured dependent 
on the amplitude of the applied 10 ns pulse. In addition the temporal development of the 
discharge plasma was recorded by means of a high speed camera. 

Experimental Setup 

A schematic sketch of the experimental setup is shown in Fig. 3. The microhollow cathode 
discharge (MHCD) serves as plasma cathode, which sustains a stable atmospheric pressure glow 
discharge [3]. The MHCD plasma is generated between two plane-parallel molybdenum 
electrodes, which are separated by an alumina spacer, 100 um in thickness. Electrode distance 
and diameter of the circular opening in the center of the electrodes are 100 urn, respectively. The 
glow discharge, sustained by the MHCD plasma cathode, fills the gap between the plasma 
cathode and a positively biased, third electrode, at a distance of 1 mm. Both, plasma cathode and 
the supported glow discharge were operated dc in atmospheric humid air at 10 mA discharge 
current. Inserted into the electrode schematics in Fig. 3 is a side-on photograph of the air glow. 
The diameter of the plasma column is typically 800 urn. In order to shift the electron energy 
distribution function to higher energies, a 10 ns, high voltage pulse was superimposed to the dc 
glow. Also shown in Fig. 3 is a measured pulse form of the high voltage pulse. Rise time and fall 
time of the trapezoidal pulse is approximately 1 ns. 

The trapezoidal high voltage pulse is generated by a pulse forming network (PFN) in strip-line 
geometry. Fig. 4 shows the schematics of the 10 ns pulse generator. The PFN consists of two 
metal strips separated by a dielectric. The strip-line has an impedance of 10 Ohm. The electrical 
energy is switched into the load by means of pressurized spark gaps with nanosecond pulse rise 
time. The pulse generator is operated in self-breakdown mode at "single shot" conditions. 

The discharge current and the voltage across the pulsed glow discharge have been monitored by 
means of fast rise time, high voltage probes (Tektronix, 350 MHz) and a 400 MHz digitizing 
oscilloscope (Tektronix TDS 380). In addition, measurements of transient emission of plasma 
radiation in the visible have been performed. The optical emission from the center of the glow 
discharge gap was observed side-on by means of a photo multiplier tube (PMT - Hamamatsu 
1350) with a sensitivity range between 200 nm and 700 nm. The temporal resolution is 
determined by the photomultiplier to 2.4 ns. The PMT measurements were complemented by 
high-speed photography. A high-speed camera (ICCD Max, Stanford Research Institute) was 
used to study the development of the glow discharge plasma column temporally and spatially 
resolved. The camera was triggered by the signal of the voltage monitor of the 10 ns pulse 
generator. The internal delay of the camera, which was approximately 80 ns, limited the study of 
the plasma to the afterglow phase of the discharge. The camera is equipped with an image 
intensifier (micro-channel plate, MCP) and allows measurements with a temporal resolution up to 
2 ns. However, due to the relatively low level of light emitted by the plasma, the exposure time 
was set to 200 ns. 

Results 

Fig. 5 shows the temporal development of the voltage across the glow discharge plasma in 
response to high voltage pulses of various amplitudes (superimposed to the dc voltages). The 
voltage across the dc plasma decreases within a few nanoseconds after application of the pulsed 



voltage by one order of magnitude. The sustaining electric field drops to values as low as 300 
V/cm for an applied pulse with 20 kV/cm amplitude. Depending on pulse amplitude the discharge 
electric field remains at this low level for several hundred nanoseconds for 10 kV/cm pulses, up 
to several microseconds for 30 kV/cm pulses. During recovery of the discharge voltage, at 
electric fields of approximately 3 kV/cm, a dip in voltage is observed. This dip may be caused by 
interaction of the glow discharge with the sustaining plasma cathode, which turns on again at this 
voltage, after seemingly not being active from the time of applied pulse to this point in time. 
After this dip, the rise of the voltage slows by more than a factor of two. 

Fig. 6 shows the temporal development of the optical emission of the plasma in the visible and 
near ultraviolet in response to the 10 ns voltage pulse for various pulse voltages. When the 
voltage pulse is applied, the intensity rises within nanoseconds by almost two orders of 
magnitude over the dc-value. The peak intensity varies only slightly with pulse voltage. After 
pulsing the intensity decays to the dc-level on a time scale which is several orders in magnitude 
larger than the duration of the applied pulse. 

Fig. 7 shows the increase in decay time with increasing pulsed electric field amplitudes, evaluated 
from electrical and optical measurements [Fig. 5 and Fig. 6]. The decay time increases nearly 
linearly with pulsed electric field from 20 ns at 17.5 kV/cm to 3.8 us at 40 kV/cm. For the 
intensity measurements the decay time has been defined as the time the intensity decays to a 
constant value - 6.5 in arbitrary units, in Fig. 6 - which corresponds to approximately 10% of the 
initial intensity values. For the electrical measurements the decay time has been defined as the 
time for the voltage to increase from its lowest sustaining voltage level to 300 volts, a value 
which corresponds to approximately 70% of the dc value. The reason for the choice of these 
definitions for the decay time (which will be discussed in more detail in the following section), 
rather than using that introduced earlier [equ. 3] is the relatively large noise-to-signal ratio in the 
measured signals which makes it difficult to determine the time when the voltage and intensity 
reach the dc level after pulse application. 

High-speed photography in the afterglow of the plasma shows the formation of a luminous 
plasma close to anode. The optical emission of the pulsed plasma was such that even for an 
exposure time of 200 ns, the remaining parts of the plasma between anode and cathode could not 
be observed. The diameter of the plasma at the anode is up to 5 to 10 times the diameter of the dc 
plasma column, which is shown in Fig. 3. It decays on a time scale of microseconds, in 
accordance with electrical and PMT measurements [Fig. 6 and Fig. 7]. 

Discussion 

Although the results of the measurements are not comprehensive (e.g. in order to obtain the 
electron density from electrical measurements, we would need to know the values of the local 
electric fields and the current density in addition to the electron mobility), certain conclusions on 
the effect of electrical pulses on the physics of the discharge and on the temporal development of 
the electron density can be drawn. When the high voltage pulse is applied, the current changes 
rapidly, and the microhollow cathode discharge is not able anymore to provide the required 
electrons to sustain the discharge. The current in this phase consists of conduction current plus 
displacement current. The displacement current is estimated to be on the order of one ampere. 
Higher currents can only be conduction currents, most likely generated by extending the cathode 
surface, this means by generating a discharge, which at least for a short time is sustained by 
gamma processes at the cathode, rather than by the MHCD. This hypothesis is supported by the 
high-speed photographs, which show an expanded plasma channel after pulse application. With 
reduced conductivity (increasing voltage across the gap) the plasma cathode eventually takes over 



again. This might explain the dip in the recovering voltage seen in Fig. 5, and the subsequent 
change in slope. 

The electron decay time increases linearly with the amplitude of the applied electric field pulse. 
This is shown in Fig. 7, where the time for voltage recovery, defined as the time where the 
electrical reaches 3 kV/cm, which is approximately 70% of its dc value, is plotted versus the 
applied electric fieid. Since the conductivity is proportional to the electron density, .this curve 
provides us with information on the electron decay time, assuming that the current density stays 
constant. Also shown in this graph is the decay time of the optical emission, defined as the time 
where the intensity has decayed to a constant value, which corresponds to approximately 10% of 
the initial value. Assuming that the decay of the electron density is mainly due to recombination, 
the optical emission varies with the square of the electron density. For the electron density, a 
decay of the intensity to 10% would consequently correspond to a decay of the conductivity to 
30%. The experimental results, obtained from electrical and optical measurements agree well, and 
also agree reasonably well with theoretical results [Fig. 2], considering the uncertainty in the 
value of the recombination coefficient ß. 

One of the incentives for this study was to explore the pulsed electron heating effect as a means to 
reduce the power consumption of atmospheric pressure glow discharges in air. For this 
application a pulsed electric field would be applied repetitively to a base plasma with low degree 
of ionization. This electrical pulse, if shorter than the time for the development of glow-to-arc 
transitions, would raise the electron density to values, ne,p, exceeding the desired electron density, 
ne.0, for a particular application. The electron density would then decay. When it reaches the value 
of n,.,,) a second pulse would be applied, to bring the density up to ne,p again. This process could be 
repeated ad infinitum. 

Experimental studies with the same pulse generator but applied to a differently sustained dc 
plasma then the one described in this paper, and modeling studies have shown that for the 10 ns 
pulse, this mode of operation would allow us to create a plasma with an electron density which 
always exceeds ^.o, at a fraction of the energy cost that is required to run the discharge only dc 
[9]. In these experiments the background gas temperature was kept constant over an area of about 
1 cm in diameter, large compared to the diameter of the discharge plasma column, using a plasma 
torch. A two pin electrode configuration has been used to generate an atmospheric pressure dc 
plasma which than was superimposed by the 10 ns high voltage pulse. It could be shown that it is 
possible to reduce the power consumption in an atmospheric pressure air plasma by a factor of 
150 compared to the dc case using this pulsed electric field method [9]. 

Is it possible to reduce the power even more by reducing the pulse duration further? Results of 
ELENDIF calculations are shown in Fig. 8 for pulses with duration ranging from 2.5 ns to 20 ns. 
The lower limit in pulse duration is determined by the present status of the pulsed power 
technology. Although there are now pulse generators available which generate high voltage 
pulses with duration down to 300 ps [10], the system costs rise for pulse generators with pulse 
widths below nanoseconds, possibly offsetting the power savings effect. The upper limit was 
chosen, because over-voltage pulses with duration much longer than 10 ns generally cause glow- 
to-arc transitions. The voltage pulses were assumed to have a 1 ns rise and fall time and a flat top. 

Shown is the electric field intensity required to reach electron densities of 5-101 cm", starting out 
with 1013 cm'3 versus pulse duration. This electric field increases with reduced pulse duration. 
The average power, however, which is defined as the energy provided by the pulse to the plasma, 
divided by the time it takes for the electron density to relax to its base value, decreases with 
decreasing pulse duration. Reducing the pulse duration by a factor of 3 from 10 ns to 3.5 ns, 



promises to provide additional power savings over the 10 ns pulse by a factor 2. This would 
reduce the average power density for a >1013 cm"3 electron density atmospheric pressure air 
plasma by a factor of 300 from about 5 kW/cm"3 to 16 W/cm"3. 

Besides the use in power reduction, promising applications of the pulsed electric field method are 
in plasma chemistry. By applying short pulses of high electric fields the electron energy 
distribution function can be shifted temporarily to high electron energies. Choosing the right 
electric field strength and consequently the right pulse duration, this technology has the potential 
to selectively activate and control certain plasma chemical processes [11] which in other types of 
glow discharges have a low efficiency. Such applications are: plasma processing, e.g., the 
generation of radicals in plasmas for destruction of volatile organic compounds (VOC's), and the 
generation of excimers in excimer lamps and excimer lasers. 
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Figure Caption 

Fig 1 Ionization cross-sections of nitrogen and oxygen, and the steady-state and transient 
electron energy distribution function (dashed and solid lines, respectively) for electrons in an 
atmospheric pressure air discharge. The steady state electron energy distribution function holds 
for a reduced electric field of E/N = 32 Td. The solid line represents the non-equihbnum electron 
energy distribution obtained by applying a trapezoidal pulse with a rise time of 1 ns and an 
amplitude of 120 Td, at a time of 50 ns. 

Fig 2   Electron density and decay time due to recombination versus amplitude of the 10 ns 
applied electric field pulse. The decay time is defined as the time it takes for the plasma to reach 
the initial electron density, in this case 1013 cm3, after pulse application. 

Fig. 3 Experimental setup and temporal development of the 10 ns high voltage pulse. The 
microhollow cathode discharge and the MHCD sustained glow are operated in a direct current 
mode (I = 10 mA). A 10 ns high voltage pulse of variable amplitude is applied at the anode, 
superimposed to the dc voltage. 

Fig. 4 Schematics of the 10-Ohm strip-line pulse generator. The load is this case the pulsed 
plasma. The second switch in the double switch arrangement serves to reduce the rise time. 

Fig. 5 Response of the plasma to the high voltage pulse: voltage across the glow discharge 
versus time for various pulse voltages (gap distance = 1 mm). 

Fig. 6 Temporal development of the optical emission in the visible and near UV after pulse 
application. Parameter is the electrical pulse amplitude (gap distance = 1 mm). 

Fig. 7 Plasma decay time versus voltage amplitude of the 10 ns pulse, obtained from the 
electrical and optical measurements. 

Fig. 8 Pulse duration and reduced electric field amplitude, required to increase the electron 
density from the dc-value (iw.0 = 1013 cm3) to a peak value (n*p = 51013 cm3), and the 
corresponding electrical power density, (E/N)2(t/td), where t is the pulse duration and t<, is the 
decay time. 
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Abstract. An infrared heterodyne interferometer has been used to measure the spatial 
distribution of the electron density in direct current, atmospheric pressure discharges in air. 
Spatial resolution of the electron density in the high-pressure glow discharge with 
characteristic dimensions on the order of 100 pm required the use of a COj laser at a 
wavelength of 10.6 ßta. For this wavelength and electron densities greater than 10" cm~} 

the index of refraction of the atmospheric air plasma is mainly determined by heavy particles 
rather than electrons. The electron contribution to the refractive index was separated from 
that of the heavy particles by taking the different relaxation times of the two particle species 
into account With the discharge operated in a repetitive pulsed mode, the initial rapid change 
of the refractive index was assumed to be due to the increase in electron density, whereas the 
following slower rise is due to the decrease in gas density caused by gas heating. By reducing 
the time between pulses, direct current conditions were approached, and the electron density 
as well as the gas density, and gas temperature, respectively, were obtained through 
extrapolation. A computation inversion method was used to determine the radial distribution 
of the plasma parameters in the cylindrical discharge. For a direct-current filamentary 
discharge in air, at a current of 10 mA, the electron density was found to be 10" cm'3 in the 
centre, decreasing to half of this value at a radial distance of 0.21 mm. Gaussian temperature 
profiles with a = 1.1 mm and maximum values of 1000-2000 K in the centre were also 
obtained with, however, larger error margins than for electron densities. 
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1. Introduction 

MicrohoUow cathode discharges (MHCDs) are high-pressure 
direct current glow discharges between closely spaced 
electrodes with an electrode opening of approximately 
100 jim and an electrode distance of about 200 ßtn. 

[The MHCDs were shown to serve as plasma cathodes for 
atmospheric pressure air discharges between the hollow 
cathode anode and a third, positively biased electrode [1,2]. 
They were operated at currents of up to 30 mA, corresponding 
to current densities of 4 A cm-2 and at average electric fields 
of 1.25 kV cm-1 without reaching the threshold for glow-to- 
arc transition. Stable discharges overadistance of up to 1cm 
have been generated, limited in length only by the available 
power supply [2]. In order to generate large volumes of high 
pressure, direct current glow discharges, the filamentary glow 
discharges need to be operated in parallel. Experiments with 
resistive electrodes have shown that the parallel operation of 
MHCDs is possible [3], and the first results with two parallel 
filamentary, MHCD-sustained air discharges have confirmed 
this assumption. 

0022-3727/00/010001+06S30.00   © 2000IOP Publishing Ltd 

Gas temperatures, measured by using the emission 
spectroscopy of rotational states are of the order of 2000 K [4]. 
The electron densities in the MHCD-sustained air glow 
were estimated to be 1013 cm-3 at power densities of 
5 kW cm-3 [2]. This value was obtained by using the 
generalized Ohm^ law 

J =oE = en,pE. 

The value of current density, J, which was derived from 
me discharge current and the diameter of the filament, and 
the electric field value, E, obtained from the measured 
discharge voltage and the gap distance, together with the 
known dependence of the electron mobility, ß, allowed us 
to determine the electron density, ne. However, this method 
is limited in accuracy by assumptions made on the cross 
section of the current carrying plasma, its homogeneity, and 
the electric field along the discharge axis. 

A more accurate determination of the electron density 
requires the use of diagnostic techniques with high spatial 
resolution, of the order of one tenth of the filament diameter, 

1 
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which is approximately 500 pm. This condition, and that 
fact that the theory of Langmuir probes for atmospheric 
pressure plasma is not well developed, excludes the use of 
Langmuir probes. Thomson scattering, although having a 
high spatial resolution, is not applicable, since for these 
high-pressure plasmas Rayleigh scattering dominates over 
Thomason scattering. Measurement of the Stark broadening 
of the Balmer ß line of hydrogen allowed us to determine the 
electron density only for values above 5 x 1013 cm"3 [5]. A 
common technique for the measurement of electron densities 
in plasmas is interferometry. For electron densities in the 
1013 cm-3 range microwave interferometry is considered the 
standard technique. However, inorderto satisfy the condition 
for spatial resolution, which requires the use of radiation with 
less than the typical dimensions of the plasma, for MHCD- 
sustained plasma diagnostics the use of lasers is required. In 
the following, this method and the results obtained with it 
on MHCD-sustained atmospheric pressure air plasmas are ' 
discussed. 

2. Diagnostic technique 

The index of refraction, n, for plasmas with a low degree 
of ionization (as is the one we are interested in), contains 
contributions from both electrons and heavy particles and is 
given by the following equation which holds for optically 
thin plasma [6] 

n-l = - 
2(c*meEo4x2) \ *2/ tiucvyt 

where n is the refractive index, A. the wavelength of the 
electromagnetic radiation, n, the electron density, and nknr) 

and iiktavyo the heavy particle density at a given pressure 
and temperature and under normal conditions (7* = 273 K, 
p — 1 bar), respectively. A and B are constants. For 
air at 1 bar and 273.15 K, A is 2.871 x lO-*, and B is 
1.63 x 10-" m2. 

The first term describes the contribution of the electrons, 
the second term that of neutrals and ions. Unfortunately, 
for wavelengths of micrometres, required for the spatial 
resolution of our microplasmas, the electron term was small 
(about 0.5%) compared with the term which contains the 
contributions from heavy particles. 

In spite of this difficulty infrared (IR) interferometry can 
be used to determine the electron density in partially ionized 
atmospheric pressure plasma. Since the time constants for 
responses to changes in electric field differ strongly for 
electrons and heavy particles, it becomes possible to separate 
the effect of these particles on the index ofrefraction. Further, 
since the heavy particle density at a given pressure is related 
to the heavy particle (gas and ion) temperature through the 
ideal gas law, it is then also possible to obtain information on 
gas temperature. 

. The diagnostic method is explained in more detail in 
the following: consider the temporal variation of electron 
density and gas temperature in a gas between two electrodes 
which is subject to a fast rising electric field. After applying a 
voltage pulse, the gas will break down. This gas break-down 
process is related to a large increase in electron density, due 
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Figure 1. Temporal development of the phase shift 4>, in a 
partially ionized gas, in response to a step function in voltage. The 
contribution of electrons and that of heavy particles is plotted 
schematically. 

to the Townsend or Streamer mechanism, respectively. In 
this first phase the energy supplied by the electric field will 
be transferred into the electron gas. The electrons, in turn, 
through collisions, transfer energy to the heavy particles. The 
time constant for a temperature equilibrium is dependent on 
the gain process, electron energy relaxation, and on energy 
loss processes, such as conduction and diffusion. It is very 
large compared with that for the generation of the electrons. 
The temporal development of the phase shift, $, due to 
the increase in electron density, and due to the increase' 
in temperature, in response to a step function in voltage, 
is schematically depicted in figure 1. Similarly, when the 
voltage is turned off, the effect of die electrons on the index 
ofrefraction will vanish on a much faster time scale than that 
of heavy particles. 

If, after a certain time, to, the voltage pulse is applied 
again, the plasma will still be affected by the previous 
pulse. This memory effect will be the stronger, the shorter 
is the time interval between two pulses. By reducing the 
time between successive pulses we therefore approach a 
plasma state which is less and less perturbed by the changes 
in voltage, and eventually we will reach a state which 
corresponds to direct current (dc) operation. The information 
on the steady state electron density can then be obtained 
by extrapolation. Furthermore, since we are now able to 
distinguish between electron and temperature effects, we will 
be able to obtain information on both plasma parameters in 
one set of measurements where the interval between pulses 
in a pulse train is the variable parameter. 

3. Experimental set-up 

3.1. Atmospheric pressure glow discharge 

The electrode system consists of a microhollow electrode 
system and an additional (third) electrode with variable 
distance from the microhollow electrodes. The electrode 
configuration and the plasma is shown in figure 2(a). The 
MHCD geometry consists of two plane-parallel electrodes 
with a centred hole in each electrode. The electrodes are 
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Figure 2. (a) Microbollow cathode sustained atmospheric 
pressure air discharge. The current is 10 mA, the sustaining 
voltage is 360 V. (b) Schematics of the IR heterodyne 
interferometer. 

made of 100 pm thin molybdenum foils, and the cathode 
and anode hole size of the plasma cathode is also 100 pm. 
The dielectric between the electrodes is alumina (AI2O3,96% 
purity) of 250 pm thickness. The anode of the microhoUow 
cathode geometry is on ground potential. The third electrode, 
placed at a distance of 2 mm in front of the plasma cathode 
is also made of molybdenum and biased positively. It serves 
as the anode for the microbollow cathode sustained (MCS) 
glow discharge. 

The MCS glow discharge is operated in a pulsed mode. 
The voltage pulse applied to the anode has an amplitude of 
2500 V, and rise and fall times of about 30 ps. The pulse 
duration was kept at 250 ms. The time between pulses was 
varied from 100 ps to 50 ms. The discharge current was 
limited by means of ballast resistor of 200 kO to 12.5 mA. 
It was monitored by means of a current viewing resistor. All 
measurements were performed in atmospheric air, with an 
average humidity of 30%. 

32. Diagnostic system 

In order to measure the phase shift and consequently the 
refractive index, a Mach-Zehnder heterodyne interferometer 
operating at a wavelength of k = 10.6 pm (CO2 laser) was 
used (figure 2(b)). The CO2 laser was a continuous wave 
(cw) laser from Edinburgh Instruments, type FL3, with a 
maximum power of 30 W. The laser beam was separated 
in two equal intensity beams by means of a beam splitter. 

One beam passes through the atmospheric pressure plasma. 
In order to provide for the required spatial resolution if was 
focused into the plasma, with a waist length of about 400 p m. 
The power density of the focused laser beam does not affect 
the plasma parameters, as was shown in a separate experiment 
where the phase shift for a given condition was found to 
be independent of the laser power density [4]. The plasma 
could be shifted transverse to the beam direction, (figure 2(a)) 
allowing us to scan the plasma column. The second beam 
bypassed the plasma and was frequency shifted by means 
of a 40 MHz acousto-optic modulator. The beat frequency 
of 40 MHz, obtained by superimposing both beams, was 
recorded by an IR detector (Dorotec, PD10.6-3) which 
operated at room temperature, and the signal was compared 
with the driver signal of the acousto-optic modulator. The 
phase shift of the laser beam was transferred to the high- 
frequency signal and was recorded by a phase detector, which 
converts the phase shift into a voltage signal. The resolution 
of the interferometer was about 0.01°. 

4. Experimental results 

The temporal development of the phase shift was recorded 
simultaneously with the voltage across the discharge, which 
was measured by means of an electric probe (HP 1137 A). 
Typical voltage and phase shift traces are shown in figure 3(a). 
The off-time in this particular experiment was 4 ms. After 
this time the voltage across the gap between the electrodes 
rises to almost the full applied voltage of 2500 V, causing 
breakdown of the gas. The sustaining voltage reaches a 
steady state value of approximately 350 V after a transient 
phase of about 200 MS. The phase shifts vary on a time scale 
of microseconds, except for the period of gas breakdown. 

During gas breakdown, the phase shift changes on the 
same time scale as the voltage. This is shown in figure 3(b), 
where the time scale used in figure 3(a) was expanded. The 
observed rise time of 50 ps was mainly determined by the 
temporal resolution of the electric diagnostic (a low pass 
filter was used to separate the measurement signal from a 
superimposed high-frequency signal caused by the acousto- 
optic modulator) and does not reflect the real time of gas 
breakdown. The breakdown occurs on a much faster time 
scale than 50 ps, however, the maximum value of the 
refractive index was not affected by the slower diagnostic. 
After this rapid change, the index of refraction rises, first 
linearly and then exponentially with a time constant of 0.8 ms. 

Measurements of the spatial distribution of the phase 
shift were performed by shifting the discharge in steps of 
0.05 mm through the laser beam. The phase shift profiles 
due to breakdown (d&j in figure 3(a)) and for the steady 
state phase (d^iuavy in figure 3(a)) are shown in figures 4 
and 5, respectively, for an off-time of 0.5 ms. Both spatial 
distribution functions can be approximated numerically by 
assuming basic radial distributicm functions: in the case of the 
phase shift caused by gas breakdown an assumed parabolic 
radial profile describes the spatial distribution well, in the 
case of the steady state value, it is a Gaussian profile. 

When the time between applied voltage pulses was 
shortened, the width of the phase shift profile was reduced. 
Also, the amplitude of the phase shift signal after breakdown 
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Figure 3. Temporal development of discharge voltage and the 
corresponding change in phase of the interferometric signal 
(a) During on- and off-time; (b) at the time of re-ignition. 

decreased. The breakdown voltage, however, changed only 
slightly. The increases in phase shift (d>«j in figure 3(a)) 
versus off-time is shown in figure 6. 

5. Discussion 

The rapidly rising phase shift signal caused by gas breakdown 
is due to the increase in electron density, but also due to 
the radial expansion of the plasma. The second effect may 
generally be neglected as will be discussed in the following. 
The generation of electrons when a voltage pulse is applied 
in a repetitive mode occurs in a pre-ionized filamentary 
channel, the size ofitbemgdetenninedby the previous pulse. 
This assumption is not unreasonable, since experiments with 
repetitive pulses have shown that positive and negative ions in 
the afterglow of an atmospheric gas discharge have lifetimes 
of the order of ms [7], exceeding the longest duration between 
pulses in our experiment The channel diameter increases 

Calculation  
(pmbtfcprafltoMww«) 
Experimental Results    • 

0.0 0.1 0.2 0.3 

Distance from Center z [mm] 
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Figure 5. Spatial distribution of the phase shift in steady state 
(da»««; in (a)) for an off-time of 0J ms. 

with increasing off-time, as measured by means of laser 
scans. This is probably due to radial diffusion of ions, an 
effect, which causes the pre-ionized volume to increase. The 
shorter the time between pulses the closer is the pre-ionized 
channel to the previous plasma volume. That means for short 
off-times, the effect of plasma expansion on the index of 
refraction can be neglected. 

Although there is for larger off-times an increase in 
plasma diameter, as already discussed, the increase in the 
amplitude of die phase shift with increasing off-time seems 
to be due to an increased election density rather than an 
increased plasma diameter. The higher electron density 
is related to the measured increased breakdown voltage. 
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Figur« 6. Phase shift caused by gas breakdown versus time 
between pulses (off-time) measured with the laser beam passing 
through the centre of the plasma column. 

Although this voltage increase is not very pronounced, 
even small increases can cause considerably larger transient 
electron densities during breakdown. Again, by reducing 
the time between the applied voltage pulses, the phase 
shift caused by breakdown will approach a value which 
corresponds to the value of the electron density for dc 
operation of the atmospheric pressure glow discharge. 

The temperature is the parameter which defines the 
slowly varying phases shift after breakdown. It is related 
to the gas density through the ideal gas law. The phase 
shift in steady state allows us to therefore to determine 
the gas temperature. For an evaluation of the absolute gas 
temperature, the off-time needs to be at least 50 ms (long 
compared with the time scale of a pressure wave in our 
plasma), to ensure, that the system approaches steady state. 
However, since the phase shift only provides us with the 
difference in temperature for breakdown and for steady state, 
and for short intervals the gas has not yet cooled down to 
room temperature, the value of the gas temperature obtained 
in this way will be too small. If the phase shift, on the other 
hand, is evaluated at long intervals between pulses where the 
gas has probably reached room temperature, the change in 
volume and electron density value will need to taken into 
account for the calculation of the gas temperature from the 
phase shift Any calculated temperature values are therefore 
subject to considerable errors. We only obtain values of the 
change in temperature or gas density. 

Foragiven switch-off time, a change in the heavy particle 
density difference can be assigned to the electron density at 
ignition. In figure 7, the heavy particle density difference is 
plottedversustheelectrcnderisityfndifferemoff-times. The 
shorter the off-time, the more the gas density approaches the 
dc value and so does the electron density. In order to obtain 
the value of the electron density in dc mode, the spline curve 
in figure 7 must be extrapolated to an off-time of zero, which 
is equivalent to a zero value in the heavy particle density 
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Figure 7. Electron density in the centre of the plasma column 
after breakdown versus the change in heavy particle density 
relative to their density for dc operation. The numbers along the 
curve indicate the off-time for the particular density results. The 
electron density in the dc mode was obtained by extrapolation of 
the spline curve to an off-time of zero. 

difference. Using this spline curve, an electron density of 
1013 cm-3 in the centre of the discharge was found for the dc 
mode. 

The radial distribution of n, can be calculated by 
applying the Abel inversion to the measured spatial 
distribution of the phase shift d<t>(«) (insert figure 4). An 
Abel inversion is very sensitive to the accuracy of the values 
far away from the centre. Another method has therefore been 
used: a radial profile /(/■) of a defined width was assumed, 
and the expected relative spatial profile d<t>(z) = f fix2 + 
i?)dx was calculated and compared with the measured 
spatial profile. The type of the radial profile and its width was 
varied until the best fit of the spatial profiles (figures 4 and 
5, electron and heavy particles, respectively) was obtained. 
For electrons the radial distribution is described best by a 
parabolic profile. The electron density n« in the centre of the 
discharge is given by 

it, - d*«i 
2(c*m,go4ir2) 

where fair) is the radial profile normalized at the centre. 
d4></ is the shift for a beam passing through the centre (z = 0) 
of the discharge. 

As in the case of the electron component, the profile 
of the value of the heavy particle density with the dc value 
subtracted was obtained through comparison with assumed 
radial profiles. For the heavy particles, a Gaussian profile 
turned out to provide the best fit The gas temperature is 
related to the heavy particle density through the ideal gas law 
p = ihmykT with p being constant The calculated relative 
radial gas temperature profile and the radial electron density 
profile are shown in figure 8. 
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Figure 8. Radial electron density and temperature profile for a 
atmospheric pressure air plasma column with a length of 2 mm at a 
current of 10 mA and a sustaining voltage of 360 V. 

6. Conclusion 

Tie index of refraction of a direct current glow discharge 
plasma in atmospheric air was measured by means of CO2 
laser interferometry. The contribution of electrons and heavy 
particles to the index of refraction was separated by utilizing 
the different time scales for electron generation and gas 
hearing for the case that the discharge was operated in a pulsed 
mode. The initial rapid change in the index of refraction 
was assumed to be due to electron generation; with the 
following slower change being due to heavy particle density 
reduction caused by gas heating at constant pressure. In 
order to obtain information on the electron density and gas 
temperature for the direct current discharge, the time between 
pulses was continuously reduced, and the electron density 
values were extrapolated towards an inter-pulse duration of 
zero. The spatial distribution was obtained by shifting the 
laser laterally through the plasma column. The values of the 
index of refraction change along die line of sight were then 
converted into a radial profile by using a numerical inversion 
method. This method was shown to provide information 
on electron densities in a partially ionized air plasma with 
electron densities on die order of 1013 cm-3 with spatial 
variations in the 100 pm range. The temperature could also 
be obtained, with the same spatial resolution with, however, 
less accuracy. 

Similar results on the same type of discharge have 
been obtained with other diagnostic methods. The electron 
density in the centre of the plasma column, which was 
measured as 1013 cm-3, is identical to that obtained by 
using measured current density and electrical field intensity 
values, and known values of the electron mobility [1]. 
The gas temperature values obtained through this method 
are comparable with those obtained by using emission 
spectroscopy of the second positive system of nitrogen [4]. 
The diagnostic technique described in this paper is suitable 
for the evaluation of a variety of partially ionized non- 
homogenous high-pressure plasmas. The range of electron 
densities is determined by the phase resolution. It was found 
to be 0.01° corresponding to a line integral of fnedl = 
5.8 x 1011 cm"2. This value was obtained by replacing 
die plasma with an electric phase shifter and reducing 
die phase shift to a value where signal and noise became 
identical Improvements of the phase resolution are possible 
by increasing the mechanical stability of the optical set-up. 
The temporal resolution is limited by the response time of the 
detector and/or the operation frequency of the acoustc-optic 
modulator. In our case it was the acoustc-optic modulator 
which limited the temporal resolution to 50 ns. The spatial 
resolution is determined by the waist of the focused laser 
beam through the discharge. It was measured as 100 ßm 
by using apertures of various diameters placed in the focal 
plane. 
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Microhollow cathode discharges are high-pressure, nonequilibrium gas discharges between a hollow 
cathode and a planar or hollow anode with electrode dimensions in the 100 /un range. The large 
concentration of high-energy electrons, in combination with the high-gas density favors excimer 
formation. Excimer emission was observed in xenon and argon, at wavelengths of 128 and 172 nm, 
respectively, and in argon fluoride and xenon chloride, at 193 and 308 nm. The radiant emittance of 
the excimer radiation was found to increase monotonically with pressure. However, due to the 
decrease in source size with pressure, the efficiency (ratio of excimer radiant power to input 
electrical power), has for xenon and argon fluoride a maximum at ~400 Torr. The maximum 
efficiency is between 6% and 9% for xenon, and ~2% for argon fluoride. © 2000 American 
Institute of Physics. [S1070-664X(00)95105-X]   ' 

I. INTRODUCTION 

Excimer lamps are quasi-monochromatic light sources, 
which can be operated over a wide' range of wavelengths in 
the ultraviolet (UV) and vacuum-ultraviolet (VUV). The op- 
eration of excimer lamps is based on the formation of excited 
molecular complexes (excimers) and the transition from the 
bound excimer state to a repulsive ground state. Examples 
for these complexes are rare-gas dimers and rare-gas- 
halogen exiplexes. The advantage of excimer lamps over 
other spectral lamps is their high-internal efficiency, which 
may reach values of up to 40%, when operated at high 
pressure.1 The fact that it is a noncoherent radiation source 
allows us to scale the lamp to large size and to use it to 
irradiate (and treat) large areas. Applications for excimer 
lamps are UV curing and polymerization, UV oxidation, 
photo-chemistry, photo-deposition, photo-annealing, pollu- 
tion control, to name only a few.2 

In order to generate excimer radiation two conditions 
need to be satisfied: First, the electron energy distribution 
needs to contain a sufficient concentration of electrons with 
energies larger than the excitation energy of the excimer gas 
atoms. Secondly, since the formation of excimers is a three- 
body process, the pressure needs to be high, on the order of 
one atmosphere or higher. Both conditions can only be sat- 
isfied simultaneously in nonequilibrium plasmas. There are 
two ways to generate nonequilibrium plasmas: Operation at 
high-electric fields on such a short time scale that thermali- 
zation of the plasma is prevented, or operation on a small 
enough spatial scale, e.g., in the cathode fall of a gas dis- 
charge. The first concept is used in barrier (silent) dis- 
charges, discharges between dielectric covered electrodes 
separated by gas filled gaps of millimeter to centimeter 
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distance.3 The second kind of nonequilibrium plasmas is 
found in plasma boundary layers, particularly the cathode 
fall of stable high-pressure discharges, such as corona dis- 
charges and high-pressure hollow cathode discharges. We 
have studied the latter type, hollow cathode discharges, with 
respect to the application as excimer source. 

Hollow cathode discharges are gas discharges between a 
cathode, which contains a hollow structure, and an arbitrarily 
shaped anode.4 At gas pressures such that the pressure, />, 
times cathode hole diameter, D, is on the order of Torr cm, 
the discharge develops in stages, dependent on the discharge 
current5'6 At low currents a "predischarge" is observed, a 
glow discharge with a shape determined by the vacuum elec- 
tric field. With increasing current, the plasma column formed 
along the axis of the cathode hole begins to serve as a virtual 
anode, causing a modification of the electric field distribution 
in the cathode hole. The initially axial electric field in the 
cathode plane changes into a radial one, and electrons, gen- 
erated at the cathode, are accelerated radially towards the 
axis. They lose their energy in the cathode fall and in the 
negative glow, which for high values of pD is a ring shaped 
plasma layer adjacent to the cathode edge. For small values 
of pD, on the order of 1 Torr cm and less, the negative glow 
extends to the center forming a plasma cylinder. 

When the discharge changes from an axial predischarge 
into a radial discharge the sustaining voltage drops and the 
current increases: The discharge has a negative differential 
resistance. Although discharges in all current modes are hol- 
low cathode discharges, generally the term "hollow cathode 
discharge" is used only for this mode. With increasing cur- 
rent the discharge voltage stays first constant, typical for a 
normal glow discharge, and then transfers into an abnormal 
glow discharge, characterized by a positive differential resis- 
tance. 

Hollow cathode discharges are known for an electron 
energy distribution, which contains a high concentration of 
high-energy electrons. Using spectral diagnostics,7 retarding 
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» 
field analyzers,8 and probes9 electron energies well over 10 
eV have been measured. But most of the studies have been 
performed in low-pressure hollow cathode discharges. At- 
tempts to extend the range of pressure to higher values have 
been reported by White in 1958.10 According to the White- 
Allis similarity law, V= V(pD,//D), where V is the sustain- 
ing voltage, and / is the discharge current, higher-pressure 
operation can be achieved by reducing the diameter, D, of 
the cathode hole.1011 The lowest value of pD, for which this 
law holds, is given by the condition that the mean free path 
for ionization must not exceed the hole diameter. For ar- 
gon, the minimum pD is, according to this condition, 0.026 
Torr cm5 Empirical values for the upper limit in pD are 10 
Torr cm for rare gases, less for molecular gases.13 Based on 
the assumption, that electrons oscillating through the center 
between opposite cathode falls (pendulum electrons) are re- 
sponsible for the "hollow cathode effect," 4<s the upper limit 
for pD can be determined by the condition that the distance 
between opposite cathodes must not exceed the lengths of 
the two cathode fall lengths plus the negative glow. This 
leads for argon to an upper limit in pD of slightly more than 
1 Torr cm.14 

Because of the required small size of the cathode open- 
ing for high-pressure operation we-"have coined the term 
"MicroHollow Cathode Discharges (MHCD)" for these 
discharges.5 For atmospheric pressure discharges typical hole 
diameters should, according to the upper limit value for 
pD,14 be on the order of ten micrometers. However, this 
value is based on the assumption that the gas is at room 
temperature, a condition, which is not fulfilled in MHCDs. In 
these discharges the gas temperature may reach values of 
2000 K, as shown for atmospheric pressure MHCDs in air. 
Since the gas density, rather than the gas pressure is the 
relevant parameter in the similarity law for hollow cathode 
discharges, the temperature needs to be taken into account If 
the effect of three-body collisions is neglected and the ideal 
gas law is applied the similarity law can be corrected for 
temperature dependence by multiplying the pD value with 
the ratio of actual gas temperature to room temperature. But 
even taking the relatively high-gas temperature of MHCDs 
into consideration, the diameter of the cathode opening 
should still be less than 100 /un for hollow cathode dis- 
charge operation. However, stable hollow cathode discharges 
have been observed with cathode hole sizes as large as 250 
fan in xenon. These results indicate that at high pD values 
photon coupling rather than pendulum-electron coupling be- 
tween opposite cathode falls is responsible for the observed 
negative differential resistance and the discharge stability. 

II. EXPERIMENTS 

The electrode geometry for a single hole microhollow 
cathode excimer lamp as it is used in our experiments is 
shown in Fig. 1. The electrode geometry consists of two 
metal plates with circular opening, separated by a dielectric 
film. This geometry is a simplified version of hollow cathode 
discharge geometries where the cathode contains a cylindri- 
cal hole10 or a cylindrical cavity.16 Both, cathode and anode 
consist of 100 /tm thick molybdenum. In earlier experiments 
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FIG. 1. Microhollow electrode geometry. 

they were separated by a mica layer of 200 fan. In more 
recent experiments we have used 100-250 /aa thick alumina 
(A1203) because it withstands higher temperatures. The cy- 
lindrical holes in the cathode and the mica have been varied 
between 80 and 700 fan. 

Spectral measurements have been performed using a 0.5 
m McPherson scanning monochromator, model 219, with a 
grating of 600 G/mm blazed at 150 nm, and by means of a 
0.2 m McPherson monochromator, model 234/302, with a 
grating of 1200 G/mm. The discharge chamber with MgF2 or 
LiF2 windows was mounted directly at the inlet of the mono- 
chromator. The spectrally resolved radiation at the exit slit 
was detected with a photomultiplier tube after conversion to 
visible light, centered around 425 nm, by a sodium salicylate 
scintillator. With slits opening of 600 /un the instrument 
resolution was ~3 nm full width at half maximum (FWHM). 

In addition to spectral measurements we have measured 
the spatial distribution of the excimer source by using a 
VUV imaging system which allows us to generate an image 
of the excimer source with a magnification of ten onto the 
cathode of a proximity focused image converter.17 The emis- 
sion from the fluorescent anode of the image converter is 
recorded by means of a charge coupled device (CCD) cam- 
era. Spectral resolution is obtained by using filters, which 
only allow the excimer radiation to pass. 

III. RESULTS 

A. Electrical characteristic and shape of excimer 
source 

The dc (direct current) voltage characteristics of micro- 
hollow cathode discharges in rare gases show a distribution 
typical for hollow cathode discharges6 even for pD values 
large compared to 1 Torr cm. A current-voltage characteristic 
for discharges in xenon at a pressure of 750 Torr is shown in 
Rg. 2(b). The hole diameter is 250 fua, pD is consequently 
18.75 Torr cm. For low current the differential resistivity of 
the discharge is positive, as expected for a hollow cathode 
discharge in the predischarge phase, where space charge ef- 
fects (virtual anode) are not important At a current of 4 mA 
the discharge enters a range with negative differential resis- 
tivity, the phase where it changes into a hollow cathode dis- 
charge with radial electric fields. 

The source of the xenon excimer radiation, the microhol- 
low cathode discharge plasma, as seen end-on through a 
band pass filter (maximum transmission of 24.4% at 170.9 
nm and a FWHM of 26.8 nm) is only at low currents con- 
centrated in the cathode hole [Fig. 2(a)]. The ring shaped 
region at the inner edge of the cathode opening represents 
the negative glow of the discharge. With increasing current 
the excimer source extends into the area outside the hole, 
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FIG. 2. (a) (upper part): End-on photographs of micro hollow cathode (250 
ftm) discharges in xenon at a pressure of 750 Torr for various currents. The 
photographs were taken through an optical filter, which allowed only the 
excimer radiation to pass, (b) (lower part): Current voltage characteristic of 
the microhollow cathode discharges, and VUV radiant power dependent on 
current 
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FIG. 4. VUV emission spectra of high-pressure micro hollow cathode dis- 
charges in xenon with gas pressure as variable parameter. The discharge 
voltage was 225VÜ0V, and the current was kept at 3.15 mA 
±0.15 mA. 

covering at a current of 7 mA and a pressure of 750 Torr the 
cathode surface over a distance of approximately four times 
the hole diameter. As with current, the size of the excimer 
source changes with pressure. At high pressure, as for small 
currents, the source is located in or close to the cathode 
opening, particularly at the inner edge of the cathode hole 
(Fig. 3). With reduced pressure the source extends more and 
more over the cathode surface. 

B. Spectral emission 

Most of our excimer studies have focused on xenon, 
with its excimer emission peaking at 172 nm. A xenon spec- 
trum for discharge operation with hollow electrodes of 100 
pan diameter is shown in Fig. 4.18 At 40 Torr, the 147 nm 
xenon resonance line, corresponding to transitions from the 
3Pi state to the 1SQ ground state, dominates the emission 
spectra. There are some indications of the first continuum, 
which extends from the resonance line towards longer wave- 

25*Torr 35* Torr 

SM Torr 75» Torr 

FIG. 3. End-on photographs of micro hollow cathode (250 ftm) discharges 
in xenon at various pressures. A circle indicates the edge of the cathode 
opening. The photographs were taken through an optical filter, which al- 
lowed only the excimer radiation to pass. 

length. The second excimer continuum peaking at 172 nm 
appears at higher pressures. At pressures greater than 300 
Torr, it dominates the emission spectra up to the longest 
recorded wavelength of 800 nm. The second continuum re- 
sults from transitions from the lowest vibrational level of 
singlet '2 and the triplet 32 excimer states to the repulsive 
ground state. Transitions from higher vibrational levels of 
these states correspond to the first excimer continuum. Be- 
sides of pressure, the excimer emission is dependent on the 
discharge current As shown in Fig. 2(b) it increases linearly 
with current above the transition into the hollow cathode 
mode. 

Argon excimer emission has been studied in flowing gas 
with a gas flow of 380 seem.19 At low pressure, the spectrum 
over the range of 100-200 nm is dominated by Ar II lines, 
mostly transitions between states having a 3s23pA(?P) 
ionic core. At high pressure the intensity of these lines is 
strongly reduced and the main spectral feature is the excimer 
line, peaking at 130 nm. The emission of the argon excimer 
radiation increases, as for xenon, with gas pressure, and with 
discharge current The sustaining voltage, V, is approxi- 
mately the same as for xenon (200 V). 

The presence of an attaching gas in the gas mixture is 
considered a major obstacle for the generation of high- 
pressure dc glow discharges. High-pressure discharges in 
rare-gas-halide mixtures tend to constrict and become un- 
stable in times on the order of ten nanoseconds. However, as 
in rare gases, microhollow cathode discharges could also be 
operated in rare-gas-halogen mixtures in a stable dc mode 
up to atmospheric pressure. Argon fluoride excimer emission 
with a maximum at 193 nm was recorded in a gas mixture 
consisting of 1% fluorine, 5% argon, and 94% helium.20 The 
measured ArF excimer spectrum is shown in Fig. 5 for a 
pressure of 400 Torr. The line width at half intensity is just 3 
nm, compared to 24 nm for Xe (Fig. 4). Similarly, xenon 
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FIG. 5. Argon fluoride excimer emission spectrum of a dc microhollow 
cathode discharge operated in a gas mature containing 1% of fluorine, 5% 
of argon, and 94% of helium at 400 Torr. The discharge voltage was 498 V, 
the current was 6 mA. 

chloride excimer radiation was measured peaking at 308 nm, 
in a gas mixture consisting of 0.06% hydrogen chloride, 
0.03% hydrogen, 1.5% xenon and neon as buffer gas. Dis- 
charge voltages were —500 V for discharges in ArF, and 180 
V for XeCl discharges. 

C. Efficiency and radiant emittance 

Measurements of the efficiency, the ratio of radiant 
power in the UV to input electrical power, have been per- 
formed for xenon and argon fluoride discharges. In order to 
determine the absolute values of the excimer emission two 
methods have been used.18 One is based on comparing the 
discharge emission with that of calibrated UV sources: A 
Mercury vapor lamp (line emission at 185 nm) and a Deute- 
rium lamp (continuum from 160 to 400 nm). A second one 
utilizes a calibrated radiometer. Both, for xenon and argon 
fluoride discharges, the efficiency was found to increase with 
pressure up to —400 Torr, where it reaches values of 
6%-9% for xenon18 and ~2% for ArF, and then decreases 
again for higher pressure. Although the efficiency for ArF is 
less than that for Xe, the peak spectral radiant power at iden- 
tical electrical power input is for ArF higher by a factor of 2 
to 3 compared to Xe, due to the differences in line width 
(Figs. 4 and 5). 

The decrease of the measured efficiency at higher pres- 
sure can be explained by the decrease in size of the excimer 
source with pressure (Fig. 3). The radiant emittance, the op- 
tical power emitted per surface element, increases with pres- 
sure. However, this increase does, at pressures greater than 
400 Torr, not compensate for the reduction in size of the 
source. Consequently, the overall optical power (integral of 
radiant emittance over source area) decreases at higher pres- 
sures. 

D. Direct current versus pulsed operation 

One of the special features of microhollow cathode ex- 
cimer sources is their stability, which allows us to operate 
them in a direct current mode. However, in certain cases it 
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FIG. 6. Temporal development of the voltage, current, and radiant power of 
a discharge in xenon at 300 Torr. 

could be an advantage to operate the discharges in a pulsed 
mode. This is particularly the case when high-radiant emit- 
tance is required. As known from dc measurements, the total 
optical power increases with current, however, at constant 
pressure the source size also increases [Fig. 2(a)]. The source 
area shrinks when the pressure is increased (Fig. 3). High- 
radiant emittance, therefore, requires both, high current and 
high pressure. The current for dc operation is limited by the 
thermal loading of the electrode structure to ~10 mA per 
discharge. With pulsed operation thermal loading of the elec- 
trodes can be largely avoided. The limitation in current, and 
consequently in intensity, is for pulsed operation determined 
by the development of current driven instabilities, the glow- 
to-arc transition, rather than thermal processes affecting the 
electrodes. 

We have studied the discharge in xenon under pulsed 
condition and were able to extend the current range to 80 mA 
before instabilities set in.21 The temporal development of 
current, voltage, and excimer intensity of a discharge in xe- 
non at a pressure of 300 Torr is shown in Fig. 6. Breakdown 
occurs at voltages between 700 V and 1 kV. A stable dis- 
charge phase is reached after times on the order of 100 fi&, 
dependent on discharge current21 

E. Parallel operation 

Industrial applications of microhollow cathode discharge 
excimer lamps require generally higher total optical power 
levels than achievable with single microhollow cathode dis- 
charges. The optical power of single xenon discharge reaches 
approximately hundred mW.(at an efficiency of 6%-9%), 
consequently, the operation at the kW optical power level 
would require an array of more than 10* discharges. 

It can be expected that in the current range where the 
V-I characteristic of the microhollow cathode discharge has 
a positive slope, the Townsend region and the abnormal 
glow region,6 parallel operation of microhollow cathode dis- 
charges can be achieved without ballasting the individual 
discharges. Operation of the discharge in the abnormal glow 
mode requires limiting of the cathode area, such that the 
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FIG. 7. Cross section of the electrode system, and end-on photograph of a 
discharge array in argon. The total current was 28 mA. 

current density increases with increasing current One way to 
limit the cathode area is to use blind holes in the cathode 
material instead of openings as shown in Fig. 1. Such geom- 
etry was utilized in earlier experiments,5 and parallel opera- 
tion could be demonstrated. A second method is to use a 
geometry as shown in Fig. 1, but to cover the cathode area 
with a dielectric, except the cylindrical surface of the cathode 
opening.22 This method has allowed us to operate two micro- 
hollow cathode discharges in atmospheric pressure argon in 
parallel without individual ballast 

For discharges operating in modes where the slope of the 
current-voltage characteristics is negative, flat or only 
slightly positive, it was not possible to obtain stable parallel 
dc operation consistently without ballasting the individual 
discharges. Individual ballasting is a reasonable approach for 
relatively small arrays. A method, which has allowed us to 
extend this method to large arrays, is the use of distributed 
resistive ballast23 This was achieved by using a semi- 
insulating material, in our case semi-insulating silicon, as 
anode material. The result of this experiment is shown in 
Fig. 7. The method allows us to generate arrays of microhol- 
low cathode discharge excimer sources of any size, limited 
only by the thermal loading of the ballast resistor. 

IV. DISCUSSION 

One important condition for excimer formation in glow 
discharges is an electron energy distribution with a large 
concentration of electrons with energies greater than the ex- 
citation energy of the excimer gases. For argon, the lowest 
excited state is at 11.55 eV. Excimer emission using the 
same microhollow cathode geometry as shown in Fig. 1 has 
even been reported for neon,24 where the lowest excited state 
is at 16.6 eV. The presence of electrons in hollow cathode 
discharges with energies greater than the energy required for 
populating the lowest excited states in rare gases is not sur- 
prising. It has been shown in various experiments that the 
electron energy distribution in such discharges contains a 
high concentration of electrons in the high-energy tail of the 

distribution (for example, see Ref. 4). Measurements of the 
energy distribution of electrons accelerated in the cathode 
fall of a glow discharge have shown that even a beam com- 
ponent exists with electron energies comparable to the full 
cathode fall energy.8 

The second condition for dc excimer sources, a stable, 
nonthermal discharge at high-neutral gas density (such that 
excimer formation, a three-body process, occurs at a higher 
rate than collisional or radiative decay of the excimer precur- 
sors) can, to our knowledge, only fulfilled in corona 
discharges25 and micro discharges, such as the MHCD. 
High-pressure glow discharges in plane parallel electrode ge- 
ometries are prone to instabilities, particularly to glow-to-arc 
transitions, and can only be sustained for times on the order 
of ten nanoseconds. 

The exceptional stability of hollow cathode discharges is 
assumed to be due to a coupling process between the two 
cathode falls, which face each other at a distance of D. For 
low pD values, it is the electrons which provide coupling 
between opposite cathode sheaths. The "pendulum" elec- 
trons generated at the cathode surface and accelerated in the 
cathode fall, gain enough energy to oscillate through the 
plasma on axis, which serves as a virtual anode. Whenever 
instabilities, characterized by locally increasing electron den- 
sity, begin to form in the hollow cathode fall, the voltage 
across die cylindrical cathode fall is reduced. This causes a 
reduction in the concentration of pendulum electrons and 
consequently a reduced ionization rate in opposite cathode 
falls. This effect counters the growth of electron density, and 
would explain the excellent stability of hollow cathode dis- 
charges. 

However, for values of pD exceeding 1 Torr cm (at room 
temperature), electron coupling between the opposite cath- 
ode falls becomes increasingly unlikely.14 Still, hollow cath- 
ode discharges in xenon were shown to have a hollow cath- 
ode discharge phase with negative differential resistance 
even for temperature corrected pD values large compared to 
one Torr cm [Fig. 2(b)]. At high values of pD, it is assumed 
that photons provide the coupling between opposite cathode 
falls. Photoelectron emission from the cathode surfaces has 
been suggested by Little and von Engel26 as a mechanism 
responsible for the hollow cathode effect Experiments in 
argon between two parallel cathodes of variable distance 
seem to support this assumption.27 An effect on discharge 
current and sustaining voltage was observed at "hollow" 
cathode distances large compared to the distance where the 
two negative glows merged. Merging occurred at a pD value 
close to 1 Torr cm, in agreement with computational 
results. 14*As in the case of electron coupling, the reduction in 
photoemission, caused by reduced cathode fall voltage due to 
the emergence of a local increase in electron density (insta- 
bility) counters the growth of this instability. 

The high energies of electrons accelerated in the cathode 
fall, and the excellent stability of microhollow cathode dis- 
charges are the important features for microhollow cathode 
discharge excimer lamps. An additional bonus is the fact that 
by increasing the current (abnormal glow) or by decreasing it 
(predischarge) the discharge behaves like a resistor A fea- 
ture, which allows us to generate arrays of such discharges 
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with relatively simple means. Experiments in xenon indicate 
that in MHCD arrays an average radiant emittance of 50 
W/cm2 may be achievable. 

The measured efficiency of 6%-9% for xenon excimer 
MHCD emitters is a factor of five below theoretical 
values.1,18 The reason for the lower than expected efficiency 
is assumed to be the relatively high temperature of the 
plasma. Heating an excimer gas is known to reduce the ex- 
cimer emission.28 This is due to the reduction in gas density 
with increasing temperature at a fixed pressure, but also due 
to the fact that the rate coefficient of the three-body process, 
which leads to excimer formation, scales with r-0-5.29 Tem- 
perature measurements in miciohoUow cathode discharges 
have to date only been performed in atmospheric air,'where 
temperatures of —2000 K have been obtained.30 Although 
the gas temperature in rare-gas microhollow cathode dis- 
charges is expected to be lower, it is probably still large 
enough to cause a strong reduction in efficiency. Cooling 
through gas flow is expected to increase the efficiency of 
MHCD excimer sources. 

Barrier discharge excimer lamps have, probably to a 
large extend due to the lower plasma temperature, a higher 
efficiency than MHCDs. Whereas the highest measured in- 
ternal efficiency in MHCDs is 9%-for Xe, corresponding to 
an external efficiency of approximately half this value, ex- 
ternal efficiencies of 10% have been measured in barrier dis- 
charge lamps, and even 20% seemed to be achievable.31 

However, the radiant emittance, which is stated in Ref. 31 as 
being in the range of 100 mW/cm2 is considerably higher for 
MHCDs where an emittance of 10 W/cm2 has been reached. 

A particular feature of microhollow cathode discharges 
is the extreme dc power density in these discharge plasmas. 
Typical discharge voltages are ~200 V. Currents of up to 10 
mA are reached in such discharges when operated dc, result- 
ing in an electrical power for single discharges on the order 
of Watt For high-pressure operation the plasma is concen- 
trated in the cathode opening. The volume of cathode fall 
and negative glow, where most of the electrical energy is 
dissipated is assumed to be less than the volume determined 
by the cathode opening. For a 100 fun thick, 100 /umdiam 
cathode opening the volume is 0.810~6 cm3. The power den- 
sity is consequently on the order of 10* W/cm3. In the pulsed 
mode, where we are able to reach 80 mA for millisecond 
time duration, the power density is expected to be even 
higher. With power densities that high conditions for lasing 
should be achievable when a multitude of such discharges is 
arranged in series. This opens the possibility to build cw 
(continuous wave) or quasi cw excimer microlasers, an ex- 
citing prospect for the future of microhollow cathode dis- 
charges. 
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Direct current glow discharges in atmospheric air 
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Direct "current glow discharges have been operated in atmospheric air by using 100 fim microhollow 
cathode discharges as plasma cathodes. The glow discharges were operated at currents of up to 22 
mA, corresponding to current densities of 3.8 A/cm2 and at average electric fields of 1.2 kV/cm. 
Electron densities in the glow are in the range from 1012 to 10l3cm"3. Varying the current of the 
microhollow cathode discharge allows us to control the current in the atmospheric pressure glow 
discharge. Large volume atmospheric pressure air plasmas can be generated by operating 
microhollow cathode discharges in parallel. © 1999 American Institute of Physics. 
[S0003-6951(99)01425-4] 

Research on high-pressure glow discharges is motivated 
by applications such as instantly activated reflectors and ab- 
sorbers for electromagnetic radiation, surface treatment, thin- 
film deposition, remediation and detoxification of gaseous 
pollution, and gas lasers. Many of these applications require 
the generation of air plasma at atmospheric pressure with 
electron densities exceeding 10"cm~3. One of the major 
obstacles in obtaining such a plasma are instabilities, particu- 
larly glow-to-arc transitions (GAT)", which lead to the fila- 
mentation of the glow discharge in times short compared to 
the desired lifetime of a homogeneous glow. These instabili- 
ties generally develop in the cathode fall, a region of high 
electric field, which in self-sustained glow discharges is re- 
quired for the emission of electrons through ion impact. 
Eliminating the cathode fall, by supplying the electrons by 
means of an external source, is therefore expected to extend 
the range of stable operation. 

Recently, it has been shown that microhollow cathode 
discharges (MHCDs) serve as electron emitters for high- 
pressure glow discharges.1 Microhollow cathode discharges 
are high-pressure, direct current glow discharges between 
closely spaced electrodes with an electrode opening of ap- 
proximately 100 /im and an electrode distance of about 200 
fjm. Experiments in argon and xenon have shown that dc 
operation of microhollow cathode discharges in noble gases 
is possible at atmospheric pressure.2,3 More recently, stable 
discharge operation has also been obtained in atmospheric 
pressure air.4 When operated in the hollow cathode discharge 
mode electrons are extracted through the anode opening at 
moderate electric fields. These electrons support a stable 
plasma between the microhollow anode and a third posi- 
tively biased electrode. Direct current glow discharges in ar- 
gon at one atmosphere have been generated using this 
method.1 As shown in the following, the microhollow cath- 
ode discharges can also be used to sustain dc glow dis- 
charges in atmospheric pressure air. 

The electrode system used in our experiments consists of 
a microhollow electrode system and an additional electrode 
with variable distance of up to 10 mm from the microhollow 
anode. The electrode configuration and the experimental 

setup are shown in Fig. 1. Also shown are photographs of the 
microhollow cathode discharge in air (end-on) and the 
MHCD sustained glow between hollow anode and third elec- 
trode (side-on). The pressure was, in this case, 10 Torr. The 
microhollow cathode discharge is generated between two 
plane-parallel electrodes with centered circular openings. 
The electrodes consist of 100-Aim-thin molybdenum foils 
and the cathode and anode hole diameter of the plasma cath- 
ode ranges from 80 to 100 fun. The dielectric is alumina 
(A1203, 96% purity) of 250 fim thickness and is placed as a 
spacer between the electrodes. The anode of the microhollow 
cathode geometry is on ground potential, the third electrode 
is biased positively with respect to the microhollow anode. It 
serves as anode for the microhollow cathode sustained 
(MCS) glow discharge. The sustaining voltage of the micro- 
hollow cathode discharge is in the range from 400 to 600 V 
depending on current, gas pressure, and gap distance. The 
MHCD current was limited to values of less than 22 mA dc 
to prevent overheating of the sample. 

MHCD 

Cathode Anode 

"Electronic mail: stark@ece.odu.edu 

FIG. 1. Geometry of the microhollow electrode system with a third elec- 
trode and the appearance of the discharge plasma, "end-on and side-on. 

0003-6951 /99/74(25)/3770/3/$15.00 3770 © 1999 American Institute of Physics 
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FIG 2 MCS glow discharge in atmospheric air at two different current 
levels 8 7 and 22 mA. respectively, at 0.2 cm gap distance. Upper photo- 
graph: VMHCD=499V,/MHCD=8.9rr^V^=250V./M<?=8v7mA. 

Lower photograph: VMHCT>=409V, /MHCD= 27.0mA, VMCJ^SV./MCS 

= 22.0 mA. 

Since possible discharge instabilities like thermal insta- 
bility or attachment instability5 may occur on a time scale of 
microseconds and less, too fast to be observed with dc cur- 
rent and voltage monitors, we-have in all measurements 
monitored the current and voltage by means of fast electrical 
probes and recorded the traces by means of a 400 MHz digi- 
tal oscilloscope. In addition, the appearance of the dc dis- 
charge has been recorded by means of a charge-coupled de- 
vice camera. 

Figure 2 shows atmospheric pressure air discharges at 
two current levels of 8.7 and 22 mA, respectively. The air 
plasma is cylindrical with the diameter at the plasma cathode 
determined by the hole diameter (100 /an). At 8.7 mA the 
diameter increases to 430 fjia in the midplane of the dis- 
charge gap, and then shrinks again to approximately the 
cathode diameter at the third electrode. At 22 mA the diam- 
eter in the midplane is about 860 /an. The current density is 
at the currents of 8.7 and 22 mA, and 6 and 3.8 A/cm , 
respectively. 

Figure 3 shows the development of the MCS air glow 
discharge current with increasing MHCD current at atmo- 
spheric pressure. The voltage at the third electrode was kept 
constant at V=250V. The MCS glow discharge current is 
identical to the plasma cathode current above the minimum 

0 5 10        15        20 

Current MHCO ("™A) 

FIG. 3. MCS alow discharge current vs MHCD current and forward voltage 
vs current of the MHCD for constant voltage l\iCs at the third electrode. 
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sustaining current (8 mA) for the MCS discharge. The mi- 
crohollow cathode discharge acts as a constant current source 
for the air glow. In this mode the forward voltage in the 
microhollow cathode discharge, which serves as the plasma 
cathode, decreases slightly with current (Fig. 3). Small varia- 
tions in the MHCD voltage cause, therefore, large swings in 
the electron current, and consequently, the current in the air 
glow. 

The electron density ne can be estimated from the elec- 
trical parameters of the discharge, the electric field £, the 
current density j, and the electron mobility pe: 

ne=j/(E{iee), (1) 

with e being the electron charge and pe obtained from 

(/*^)r-0.45X10^ (cm2Torr/Vs). (2) 

This equation holds for air5 at room temperature T0. Recent 
measurements showed that the gas temperature T in air glow 
discharges at currents of approximately 10 mA is close to 
2000 K.4 

In order to take this elevated gas temperature into ac- 
count, it was assumed that fiep depends linearly on T: 

{ßeP)T=T/T0(nep)To 
(3). 

Assuming that the electric field in the discharge is given as 
the anode voltage divided by the gap distance, and that the 
current density at midplane is the current divided by the 
cross section of the discharge at this plane, the electron den- 
sity at this position can be estimated. The cross section of the 
discharge was obtained from Fig. 2, by considering the ra- 
dius, where the intensity decreased to half of the maximum 
intensity, as the effective discharge radius. For p 
=760 Torr,;=3.8 A/cm2 and £=1.2kV/cm, and T 
= 2000K, the estimated electron density at midplane is 5 
Xl0l2cm"3. 

In air, the main electron-loss process is electron attach- 
ment to oxygen. The energy density required to sustain a 
discharge in such an attaching gas is given as 

P=ntWlonir, (4) 

where /I, is the electron density, W^ the effective ionization 
energy, and T is the average lifetime of the electrons. At 
concentrations of 10l3cm"\ in atmospheric air, ris 10 ns. 
Assuming that the effective ionization energy is 50 eV, the 
power density required for the sustainment of an atmospheric 
air plasma with electron densities of 5X1012cm~3 is 
4 kW/cm3. Assuming that the average electric field in the 
glow is 1.2 kV/cm, and the current density at midpoint be- 
tween the electrodes is approximately 3.8 A/cm2, the experi- 
mentally obtained power density is 4.6 kW/cm3, a value 
which is close to the theoretical value. 

Although the plasma volume in this experiment is still 
only cubic millimeters, the described method allows us to 
scale it up to larger values. In the longitudinal direction this 
can be achieved by extending the electrode gap, which re- 
quires increasing the applied voltage. In the transverse direc- 
tion large volume plasma operation can be achieved by su- 
perimposing microhollow cathode discharge supported 
glows through parallel operation.7 The possible individual 
control of each of the discharge elements permits us to gen- 
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erate any desired plasma pattern in the transverse plane. A 
limiting factor is the power density, which at this point 
would prevent us from generating large volume plasmas. 
However, experimental results with combustion-assisted 
glow discharges in air indicate that the power can be reduced 
by orders of magnitude.8 Experiments with combustible ad- 
ditives and additives with low ionization potential are under- 

way. 
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Parallel Operation of Microhollow Cathode Discharges 
Wenhui Shi, Robert H. Stark, and Karl H. Schoenbach 

Abstract— Parallel operation of dc microhollow cathode dis- 
charges in argon at pressures up to several hundred ton- was 
obtained without individual ballast at low currents, where the 
slope of the current-voltage characteristic is positive. By using 
semi-insulating silicon as anode material, we were able to extend 
the range of stable operation over the entire current range, 
including that with negative differential resistance. This opens 
the possibility to utilize microhollow cathode discharge arrays in 
flat panel lamps. 

Index Terms—Gas discharges, glow discharges, light sources. 

THE dc voltage-current (V-I) characteristics of micro- 
hollow cathode discharges show three distinct modes of 

operation: the Townsend mode at low currents, followed by 
the hollow cathode discharge mode, with negative differential 
conductance, and at high currents a mode with a V-I charac- 
teristic which resembles that of an abnormal glow discharge 
[1], [2]. It is expected that in the current range where the 
V-I characteristic has a positive slope, the Townsend region 
and the "abnormal glow" mode, stable, parallel operation 
of microhollow cathode discharges can be achieved without 
ballasting the individual discharges. 

In order to confirm this hypothesis experimentally two holes 
of 100 urn diameter each, separated by 100 /xm, were drilled 
through 100 tun thick molybdenum foils, which served as 
electrodes, and a 200 /xm thick mica spacer. Electrical and 
optical measurements were performed in argon at pressures of 
up to 800 ton. The discharges were ignited by increasing the 
applied voltage up to a value where one of the two gaps broke 
down. By increasing the current, the optical emission from this 
first discharge became more intense and the plasma began to 
extend over the surface of the molybdenum cathode. When the 
plasma reached the second hole the second discharge turned 
on. 

The V-I characteristics of the individual discharges, taken 
in the phase where only one of the discharges was running, 
show the typical shape of the Townsend mode and hollow 
cathode discharge mode (Fig. 1). The third mode, the abnormal 
glow mode, was avoided in these dc experiments because 
of concern about thermal damage of the electrode system. 
Previously performed pulsed experiments in this current range 
had demonstrated parallel discharge operation [3]. With both 
discharges on, which in the hollow cathode mode could be 
obtained for short periods of time (seconds) only, the measured 
current is approximately the sum of the currents of the two 
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with the DDR&E Air Plasma Ramparts MURI Program. 
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Current (mA) 

Fig. 1. The current-voltage characteristics of each of the two hollow cathode 
discharges (circles) in a two-hole configuration and the current-voltage 
characteristic of the two-hole discharge array (triangles). The gas was argon 
at a pressure of 400 torr. 

individual discharges. This indicates relatively weak coupling 
between the discharges in this electrode configuration. 

The relative intensities of the discharges depend on the range 
of operation. In the range where the differential resistance of 
the single discharge is positive, the intensities in the two holes 
were comparable (Fig. 2, upper photograph). The discharges 
in this mode were stable, except for sporadically occurring cur- 
rent fluctuations. Such fluctuations caused quenching of one of 
the two discharges if their average differential resistance was 
less than 10 V/mA, and if the positive differential resistance 
range extended over a current range of less than 1 mA. Where 
the V-I slope is negative or flat one discharge dominated 
(Fig. 2, lower photograph). Only rarely were discharges with 
approximately equal intensity observed, but even then they 
were stable only for seconds. 

In order to obtain parallel operation over the entire dc 
current range, particularly where the discharge V-I charac- 
teristic is flat or has a negative slope, the discharges need 
to be individually ballasted. For large arrays, with possibly 
thousands of discharges this becomes technically challenging. 
Instead of ballasting each discharge by means of a resistor 
we have explored the use of distributed resistive ballast for 
stable operation of multiple discharges in flat panels. This 
can be achieved by using a semi-insulating material, e.g., a 
semi-insulating semiconductor, as electrode material. A cross 
section of an electrode system with the anode made of semi- 
insulating silicon is shown in Fig. 3. Silicon had been used 
before as electrode material [4], however, not for the purpose 
of ballasting the discharges. 

0093-3813/99510.00 © 1999 IEEE 
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(a) 
•      • 

(b) 

Fig. 2. End-on photograph of two dc discharges operating in the Townsend 
mode at a current of 2 mA (a) and in the hollow cathode discharge mode with 
6 mA (b). The photographs, which were taken with a charge-coupled device 
camera, are overexposed to show the plasma outside the holes. 

In order to obtain data on the optimum parameters of the 
resistive material required for stable operation of two parallel 
discharges, the distributed resistor was simulated by a network 
of two ballast resistors in series with the discharges, and 
a variable coupling resistor connecting the two discharges. 
Based on the experimental results, a semi-insulating silicon 
wafer of 300 /zm thickness and a resistivity of 1200 ftcm was 
chosen as anode and connected to the electrode system in the 
way shown in Fig. 3. Sixteen holes, with a diameter of 500 /tin 
each, were drilled through cathode and mica layer. An end- 
on photograph shows the resulting dc discharges at a pressure 
of 28 and 62 torr, respectively. With increasing pressure the 
plasma changes from columnar to ring shaped [5]. We were 
able to operate all sixteen discharges, dc, up to 100 torr in 
argon. By reducing the hole size to 100 /an the pressure range 
for full sixteen-hole operation could be extended to 300 torr. 

The experiments demonstrated that parallel operation of dc 
microhollow cathode discharges can be obtained by using 
distributed resistive ballast. This relatively simple method 
allows us to operate large arrays of discharges, e.g., for use as 
flat panel excimer lamp. A 12 W flat panel Xe excimer lamp 
with 1 W optical power at 172 nm would require 20 parallel 
microhollow cathode discharges, each operated at a voltage 

(a) 

(b) 

Molybdenum 

Wt. Mica 

KÄ Silicon 

R3 Copper 

Fig. 3. Cross section of the electrode system and end-on photographs of the 
16-discharge array in argon at 28 torr (a) and 62 torr (b). Currents were 28 
and 25 mA, respectively. 

of 200 V and a current of 3 mA with an efficiency (optical 
power/electrical power) of 8% [6]. 
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Direct current high-pressure glow discharges 
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Stabilization and control of a high-pressure glow discharge by means of a microhollow cathode 
discharge has been demonstrated. The microhollow cathode discharge, which is sustained between 
two closely spaced electrodes with openings of approximately 100 /an diam, serves as plasma 
cathode for the high-pressure glow. Small variations in the microhollow cathode discharge voltage 
generate large variations in the microhollow cathode discharge current and consequently in the glow 
discharge current In this mode of operation the electrical characteristic of this system of coupled 
discharges resembles that of a vacuum triode. Using the microhollow cathode discharge as plasma 
cathode it was possible to generate stable, direct current discharges in argon up to atmospheric 
pressure, with estimated electron densities in the range from 10n to 1012cm~3. The recently 
demonstrated parallel operation of these discharges indicates the potential of this technique for the 
generation of large volume plasmas at high gas pressure through superposition of individual glow 
discharges.   © 7999 American Institute of Physics. [S0021-8979(99)07304-l] 

I. INTRODUCTION 

Research on high pressure glow discharges is motivated 
by applications such as instantly activated reflectors and ab- 
sorbers for electromagnetic radiation, surface treatment, thin 
film deposition, remediation and detoxification of gaseous 
pollution, and gas lasers. The two basic methods which can 
be used to generate large volumes of weakly ionized gas at 
high (atmospheric) pressure are: (1) external ionization (by 
means of photons or charged particles); and (2) internal ion- 
ization, the generation of electrons and ions in a self- 
sustained gas discharge. 

Generally the efficiency of external ionization is rather 
low, and therefore the cost of such a method relatively high. 
Methods to generate large volumes of ionized gas at high 
pressure have therefore concentrated on ionization mecha- 
nisms where the energy required for the ionization is drawn 
from electrical energy. Examples of this kind of mechanism 
are radio frequency (rf) and microwave discharges, barrier 
discharges, and pulsed corona discharges where the dis- 
charge is sustained by alternating or pulsed fields, and steady 
state discharges where the discharge is driven by a direct 
current (dc) power source. 

Much of the efforts in generating stable glow discharges 
at high pressure have focused on preventing the onset of 
instabilities in the regions near the electrodes,1 particularly in 
the cathode region. These are the regions of higher electric 
field and consequently higher power density compared to the 
positive column of the discharge. This region is therefore the 
cradle of instabilities which lead to constrictions and arc for- 
mation in the discharge. 

The glow-to-arc transition (GAT), the development of a 
highly conductive channel which shorts out the glow dis- 
charge, shows the first visible evidence near the cathode. 
Other instabilities which may develop in the positive column 

■^Electronic mail: schoenb@rolls-royce.eng.oda.edu 

of discharges in electronegative gases, such as the attach- 
ment instability, are generally more benign than the GAT. 

Segmentation of the cathode, and ballasting the indi- 
vidual discharge resistively has been used to prevent the on- 
set of the GAT instability in atmospheric pressure glow 
discharges.1 The current density in the bulk of the glow dis- 
charge is known to increase linearly with pressure (JbaSk 
ocp), whereas the current density in the cathode layer for 
normal mode operation increases quadratically with pressure 
C/ciaP2)- 1° order to make the conditions in the bulk and at 
the cathode compatible, the current cross section at the cath- 
ode needs to be reduced with increasing pressure. This was 
achieved by using pins as individual cathodes with cross 
sections small compared to the area of the cathode segment3 

The onset of bulk instabilities can be prevented by flowing 
air with such a speed through the discharge that the plasma is 
replaced by cold air on a time scale small compared to the 
inverse of the growth rate of bulk instabilities. 

Another way of eliminating the conditions for GAT in 
the cathode fall region of a glow discharge is to eliminate the 
cathode fall, that means to provide the electrons rather than 
through ion impact at the cathode, through external sources. 
This requires replacing the cathode by an externally con- 
trolled electron emitter. Besides of offering the possibility to 
adjust the electron emission to the large volume glow dis- 
charge, this approach also keeps the thermal losses in the 
cathode, which in case of resistive ballast are substantial, at a 
minimum and reduces the requirements for cooling. Experi- 
mental studies on the use of microhollow cathode discharges 
as plasma cathodes have been performed in argon and the 
results are reported in this article. 

II. CONCEPT OF MICROHOLLOW CATHODE 
SUSTAINED GLOW DISCHARGES 

Hollow cathode discharges are glow discharges between 
a cathode, which contain some kind of a hollow and an ar- 
bitrarily shaped anode. Similarity laws4 indicate that the dis- 

0021 -8979/99/85(4)/2075/6/$15.00 2075 01999 American Institute of Physics 
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FIG. 1. (top): Geometry of microhollow electrode system with a center 
borehole, (bottom): Voltage-current characteristic of nricrohollow electrode 
discharges (current scale is logarithmic). 

charge voltage is constant for constant p-D, where p is the 
pressure of the fill gas and D the diameter of the cathode 
hole. Experiments in argon and xenon have shown that dc 
operation of hollow cathode discharges in noble gases is pos- 
sible at atmospheric pressure, if the diameter of the cathode 
hole is reduced to values on the order of 100 /an.5,6 Recent 
results indicate that stable discharge operation can also be 
obtained in atmospheric pressure air.7 The geometry of the 
microdischarge system is shown in Fig. 1 (top). The elec- 
trode system consists of two plane-parallel electrodes with a 
center borehole in each electrode. As spacer between the 
electrodes, mica with a thickness of approximately 200 /an 
is used. The electrode aperture is on the order of 100 /an in 
diameter. A molybdenum foil of 100 /an thickness is used as 
electrode material. The currents drawn by a single discharge 
have for our electrode system been limited to 7 mA due to 
thermal loading. This value corresponds to an average cur- 
rent density of 120 A/cm2 in the 100-/an-diam cathode hole 
area. 

The voltage-current (V-/) characteristic of hollow 
cathode discharges shows three distinct ranges of operation 
[Fig. 1 (bottom)]. The resistive V-I characteristic at low 
current, with an exponential increase in current with voltage, 
indicates that the discharge in this mode is a Townsend 
discharge.8 A schematic sketch of the discharge in this mode 
is shown in Fig. 2 (left part). Here it is assumed that the 
product of pressure, p, times the electrode gap, d, is less than 
the p- d value in the minimum of the Paschen curve. The 
discharge therefore develops along a path, from the outer 
face of one electrode to the outer face of the second one, 
rather than the shortest possible path, along the dielectric. At 
higher pressure, or larger gap between the electrodes, respec- 
tively, where this condition is not satisfied, the discharge 
develops inside the electrode cavity and assumes a hollow 
cylindrical shape.9 

With increasing current, the conductivity of the dis- 
charge column inside the electrode cavity increases and it 
forms a virtual anode [Fig. 2 (right part)]. The electric field 
begins to change from a mainly axial to a more radial field 
concentrated at the cathode (cathode fall). The axial field is 
reduced to values required to compensate for electron losses 

r^^-^^nmss^*^ 

FIG. 2. (left part): Sketch of the nricrohollow cathode discharge in the 
Townsend mode and potential distribution in the three-electrode system, 
(right part): Sketch of the nricrohollow cathode discharge sustained glow 
discharge with the MHCD operating in the hollow cathode discharge mode. 
Also shown is the potential distribution. Because of the change in the po- 
tential distribution, nie electric field generated by the third electrode be- 
comes comparable to the electric field of the MHCD in the anode aperture 
and a discharge develops in the space between the MHCD and the third 
electrode. 

in the virtual anode (positive column). The formation of this 
strong radial field at the cathode perimeter causes a fraction 
of electrons generated at the cathode through ion impact to 
gain such energy that they oscillate through the axis region, 
unloading much of their energy through ionizing collisions 
in this region. This hollow cathode effect leads to an increase 
in current with simultaneous decay in voltage [negative dif- 
ferential conductivity, Fig. 1 (bottom)]. With further increase 
in current, the normal hollow cathode glow discharge ex- 
pands over an increasing area at the cathode surface. How- 
ever, since discharge expansion to areas beyond the circum- 
ference of the cathode hole is related to a lengthening of the 
discharge path, the discharge voltage rises (abnormal glow 
discharge). This effect which is shown in the V-I character- 
istics of the discharges at high current [Fig. 1 (bottom)], was 
also obtained in modeling results.10 

Extraction of electrons from the microhollow cathode 
discharge (MHCD) by means of a third, positively biased 
electrode on the anode side of the MHCD geometry requires 
that the electric field generated by the third electrode is on 
the same order as the field in the MHCD. When operated in 
the Townsend mode, where typical electric fields in the hol- 
low cathode structure are on the order of 10 kV/cm, this 
would require very high voltages applied to this third elec- 
trode which is placed at distance large compared to the gap 
of the MHCD. Therefore the third electrode, if biased at a 
moderate voltage, is not expected to have any influence on 
its operation [Fig. 2 (left part)]. 

However, when the hollow cathode discharge transfers 
in the mode where the axial electric field is replaced by a 
radial one, the electric field generated by the third electrode 
only needs to be on the order of that in a positive column, 
typically 100 V/cm to affect the hollow cathode discharge. 
The potential in the hollow anode plane is then similar to that 
of an electron lens. The electrons in the hollow electrode 
rather than drifting to the microhollow anode are rerouted to 
the third electrode. Consequently it is expected that the 
MHCD acts as an electron source for a larger volume glow 
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Anode 

FIG. 3. Electrode configuration and electrical circuit 

discharge between the hollow anode and the third electrode 
when operated in the hollow cathode mode. 

In the resistive current ranges (ranges where the slope of 
the V-I characteristic is positive) hollow electrode dis- 
charges can be operated in parallel" without or at least with 
small ballast For being used as electron source, as discussed 
in the previous paragraph, the relevant range of operation 
would be that at high current, where the discharge resistance 
increases [abnormal glow discharge, Fig. 1 (bottom)]. Ex- 
perimental results11 indicate that parallel Operation of micro- 
hollow cathode discharges can be achieved in this range of 
current densities in excess of 100 A/cm . 

III. EXPERIMENTAL SETUP 

The electrode system, which is placed in a stainless steel 
chamber, consists of a microhollow electrode system (see 
Fig. 1) and an additional (third) electrode with variable dis- 
tance from the microhollow electrodes. The vacuum and gas 
handling system allows us to operate the discharge in the 
range from millitorr up to atmospheric pressure. Two win- 
dows provide optical access to the discharge, side on and end 
on. A charge coupled device camera with video recording 
system is used to record the appearance of the discharge. 

The electrode configuration and electrical arrangement 
of the setup is shown in Fig. 3. The electrode on the very left 
serves as microhollow cathode (MHC) for the MHCD. The 
anode of the microhollow cathode geometry is on ground 
potential. The plasma cathode current is measured by record- 
ing the voltage across a 1 kQ resistor in the microhollow 
cathode discharge circuit The third electrode, also made of 
molybdenum, is positively biased. It serves as anode for the 
microhollow cathode sustained (MCS) glow discharge. Its 
distance from the microhollow anode, d, can be varied be- 
tween 0 and 10 mm. As for the MHCD, a 100 kfl resistor is 
used to limit the discharge current in the MCS glow dis- 
charge, which is measured by means of a resistor of 1 kfl. 
The applied voltages at both, the microhollow cathode and 
the third electrode are limited to values of 800 V, determined 
by the voltage feed throughs in our discharge chamber. The 
sustaining voltage of the microhollow cathode discharge is in 

FIG. 4. Side-on view of the microhollow cathode discharge in argon at 160 
Torr with the third electrode unbiased. 

the range from 100 to 400 V depending on current and gas 
pressure. The microhollow cathode discharge current was 
limited to 7 mA to prevent overheating of the sample. 

The discharges were operated in the dc mode. Since pos- 
sible discharge instabilities may occur on a time scale of 
microseconds and less, too fast to be observed with dc cur- 
rent and voltage monitors, we have, in all measurements, 
monitored the current and voltage by means of fast electrical 
probes and recorded the traces on a 400 MHz digital oscil- 
loscope. 

Before each experiment the chamber was evacuated to 
10"4Torr, then filled with argon (spectroscopic grade with 
impurities less than 0.00001%) at the desired pressure. Ar- 
gon was chosen because in previous experiments stable mi- 
crohollow cathode discharges in this gas have been obtained 
up to atmospheric pressure.9 The argon pressure in this ex- 
periment was varied between 40 and 760 Torr. Two proce- 
dures have been used to study the effect of a MHCD on a 
MCS glow discharge: 

At constant pressure and electrode geometry, (1) the bias 
potential was kept constant and the MHCD current was var- 
ied slowly by increasing or decreasing the sustaining voltage, 
and (2) the MHCD current was kept constant and the poten- 
tial at the third electrode was varied slowly by increasing or 
decreasing the bias voltage. 

IV. EXPERIMENTAL RESULTS 

With the third electrode unbiased the MHCD may de- 
velop (statistically) in one of the two modes: (a) an umbrella 
shaped plasma layer develops at the anode side of the 
MHCD system; and (b) the MHCD plasma does not extend 
into the electrode space; only a plasma layer at the circum- 
ference of the anode aperture is visible. 

An example of the anode plasma extended into the an- 
ode backspace is shown in Fig. 4. The side-on photograph 
shows three areas of high intensity. The area of highest in- 
tensity in the center represents the plasma column, the outer 
areas the edges of the plasma layer at the anode surface. 
Although the mechanism of the MHCD formation is not yet 
understood, it will be shown that it is irrelevant for the use of 
the MHCD as plasma cathode, and we have consequently not 
paid much attention to this phase. 
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FIG. 5. (top): Side-on view of the MHCD and the predischarge in argon at 
160 Toir at a voltage of 66 V applied to the third electrode. (VWa, 
= 289 V, /MHCD= 1.09 mA, /MCS=0.42 mA.) (bottom): Side-on view of the 
MHCD and the MCS glow discharge for 77 V anode potential. (VMHCD 

=259 V, /MHCD= 1.27 mA, Iycs= 1-27 mA.) The gap between plasma 
cathode and anode is 0.S cm. 
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FIG. 6. Range of operation of the predischarge and the MCS glow discharge 
in argon at 160 Torr. 

The development of the current in the glow between 
plasma cathode and third electrode (anode) with increasing 
microhollow cathode current (along a horizontal line as 
shown in Fig. 6: V^«constant) and the corresponding V-l 
characteristic of the MHCD are shown in Fig. 7. Up to a 
MHCD current of 3 mA the current in the glow discharge is 
small compared to the MHCD current. This is the predis- 
charge phase, where the axial MHC electric field in the mi- 
crohollow geometry exceeds the external field. At the current 
threshold value in the two fields, the internal and the external 
fields become comparable and the current is completely re- 
routed from the microhollow anode to the third electrode. 

With increasing bias potential, VA, at the third electrode 
(anode), the current flow to this electrode increases exponen- 
tially, but is still small compared to the MHCD current In 
this phase, the predischarge phase, a luminous plasma devel- 
ops in the space between plasma cathode and anode [Fig. 5 
(top)]. Although the umbrella like structure of the MHCD 
anode is still present in this mode, electrons originating from 
the center of the MHCD are carried increasingly—with in- 
creasing VA—to the third electrode. Eventually, at a certain 
threshold voltage the plasma umbrella becomes detached 
from the MHCD anode [Fig. 5 (bottom)] and a bell shaped 
discharge column is formed. In this mode, the MCS glow 
mode, the current in the MCS glow is identical with the 
MHCDcurrenL 

Besides the dependence on the applied voltage, VA, the 
appearance of the glow between MHCD and anode is also 
determined by the microhollow cathode discharge current. 
This is shown in Fig. 6. The solid curve in Fig. 6 correspond 
to the threshold values of MHCD current and anode potential 
where the transition from the predischarge to the MCS glow 
is observed. The dashed vertical line in Fig. 6 represents the 
mode of operation where the glow between plasma cathode 
and anode is controlled by VA, at constant MHCD current 
The dashed horizontal line in Fig. 6 represents a mode of 
operation where the MCS glow discharge is controlled by the 
current in the microhollow cathode discharge, with the anode 
voltage, VA, kept constant. Point A represents the transition 
from the predischarge to the MCS glow discharge for both 
cases. 

0      12      3      4      5 

Current MHC0 (mA) 

FIG. 7. MHCD voltage (top) and current measured at the anode (bottom) vs 
MHCD current at a constant anode potential of 100 V (argon, p 
= 160 Torr). The transition at Ilk corresponds to a point on the solid curve in 
Fig. 6. 
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FIG. 8. Hysteresis in the transition fiom predischarge to MCS glow dis- 
charge. 

This means, that the MHCD current and the MCS glow dis- 
charge current become identical. This switching effect is cor- 
related with a sudden drop in the MHCD voltage. The results 
depicted in Fig. 7 were obtained by varying the MHCD cur- 
rent from low to high values. By changing the current from 
high to low values, the transition from high current mode to 
the low current mode occurs at much lower values of the 
MHCD current (Fig. 8). 

The upper limit in MCS glow discharge current and volt- 
age, respectively, is determined by the onset of the GAT. 
Then the discharge current rises by several orders of magni- 
tude. Simultaneously the forward voltage drops to a few tens 
of volts. The V-I characteristics in Figs. 7 and 8 were ob- 
tained for discharges in argon at 160 Torr and an electrode 
gap of 5 mm. The pressure could be increased to 1 arm 
without reaching the threshold value for the GAT. A side-on 
photograph of a dc discharge in argon at 1 arm is shown in 
Fig. 9 between electrodes, which are 2 mm apart The plasma 
is bell shaped, with its diameter at the plasma cathode deter- 
mined by the hole diameter (100 /un). Its diameter increases 
to 2 mm at the anode. Assuming that the electric field, E, in 
this discharge is given as the anode voltage divided by the 
gap distance, and that the current density, j, at midplane is 

Plasma Cathode Anode 
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the current divided by the cross section of the discharge at 
this plane, the electron density at this position can be esti- 
mated 

FIG. 9. MCS glow discharge in argon at atmospheric pressure with an 
anode potential of 213 V. The gap between plasma cathode and anode is 02 
cm (VM„CD=169V, /MHCI>=470M, /Mcs=500/tA.) 

ne=j/(Eßiee), 

being     0.33 with     the     electron     mobility,     fi, 
X106 (cm2 Torr/V s) for argon.1 

For p=760 Torr, ;'=0.05 A/cm2, and E= 1 kV/cm the 
estimated electron density at midplane is 7X 10u cm-3. The 
cross section of the discharge was obtained from Fig. 9, by 
considering the radius, where the intensity dropped to half of 
the Tn«*'m»m intensity, as effective discharge radius. 

V. DISCUSSION 

Hollow cathode discharges operate at low current in a 
Townsend mode, where in an electrode configuration as 
shown in Fig. 2 (left part) the electric field is dominantly 
axial. With increasing current they transfer into the hollow 
cathode mode with high radial electric fields in the cylindri- 
cal cathode fall of the discharge. The axial field in the 
plasma column, which serves as a virtual anode in this case, 
is rather small. When the hollow cathode discharge operates 
in this mode external fields generated by a third, positively 
biased electrode in front of hollow anode can penetrate into 
the electrode cavity and force the hollow cathode current to 
flow to the third electrode [Fig. 2 (right part)]. The hollow 
cathode discharge serves then as electron source for a glow 
discharge between hollow anode and the third electrode. The 
hollow cathode system can then be considered as plasma 
cathode, the third electrode as anode of a MCS glow dis- 
charge. 

In the plasma cathode sustained glow discharge the cath- 
ode fall is eliminated. This is of great importance for the 
stability of the glow discharge. The cathode fall, a region of 
high electric field, is generally the cradle of instabilities. Sta- 
bility is particularly an issue for high-pressure glow dis- 
charges, where GATs, emerging from the cathode fall re- 
gion, are limiting the lifetime of these plasmas to times on 
the order of microseconds and less. Since in the plasma cath- 
ode sustained glow discharge the generation of electrons oc- 
curs in the hollow cathode discharge, the glow discharge is 
stable as long as the hollow cathode discharge is stable, pro- 
viding that the conditions in the main discharge are such that 
bulk instabilities are avoided. 

It was shown in earlier studies that a stable, high- 
pressure operation of hollow cathode discharges could be 
achieved by reducing the cathode hole in the hollow cathode 
geometry to submillimeter diameter.6 In argon and xenon 
these microhollow cathode discharges have been operated, 
dc, up to and even exceeding atmospheric pressure with 
cathode hole diameters of 100 /m.6'9 When used in the 
three-electrode system as described in this article, we were 
able to obtain a stable, dc, MCS glow discharge in argon at 
atmospheric pressure. Electron densities in this glow dis- 
charge were estimated to be 7 X 10u cm-3 in the midplane of 
the main glow discharge. 

The volume of the MCS atmospheric pressure discharge 
is in our experiment still on the order of cubicmillimeter. 
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However, it should be easy to extend the discharge in axial 
direction by increasing the applied voltage, as long as the 
electric field in the discharge is kept below the threshold 
field for GATs. Extending the discharge in radial direction 
requires multihple operation, where individual MCS glow 
discharges are operated in parallel. Experiments in argon at 
pressures of so far up to 300 Torr have shown that multihole 
operation of MHCDs is possible. Sixteen discharges have 
been ignited and sustained in a dc mode by using distributed 
resistive ballast11 

Besides stabilizing a high-pressure glow discharge, the 
MHCD may also serve as a current valve for the glow dis- 
charge. As shown in Fig. 7, the MHCD current determines 
the glow discharge current at a constant voltage across the 
main glow discharge gap. The MHCD current on the other 
hand can easily be controlled by the MHCD voltage. Small 
variations in this voltage cause large swings in current The 
microhollow cathode sustained glow discharge behaves con- 
sequently similar as a vacuum triode: Small changes in the 
control voltage cause large changes in the plate (anode) cur- 
rent This feature of the MCS glow discharge can be used to 
generate patterns by individually controlling discharges in 
discharge arrays. 

Another feature of the MCS glow discharge, the thresh- 
old current required for its onset opens the possibility to 
switch a large volume glow discharge on with small voltage 
swings. By operating the discharge system just below the 
threshold for onset of the MCS glow discharge (Fig. 7), only- 
a small voltage pulse is required to turn the main discharge 
on. Once in the on state, it will stay there, even when the 
voltage pulse is turned off, because of the hysteresis of the 
main discharge (Fig. 8). 

The concept of microhollow cathode discharge sustained 
high-pressure glow discharges can be applied to any gas. 
One of the most important gases with applications such as 
surface treatment and exhaust treatment is air. First results of 
experiments in air indicate that the stabilizing effect of mi- 
crohollow cathode discharges on high-pressure glow dis- 
charges works also for high-pressure discharges in molecular 
and electronegative gases. 
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Abstract 

Experiments were conducted with atmospheric air 
plasmas at temperatures around 2000 K in order to in- 
crease the electron number density to approximately 
1013 cm-3 by means of an applied DC discharge and an 
electric pulse in parallel to the DC discharge. The DC 
discharge produces a stable region of elevated electron 
number density, in agreement with two-temperature 
kinetics calculations. In the pulsed experiments at 
the end of the 10 ns pulse, the ionization level was 
measured to be about 1013 electrons/cm3. Following 
the pulse, the electron number density decreased to 
1012cm"3 in approximately 12 /is, in good agreement 
with the chemical kinetics model. This result suggests 
that elevated electron number densities of the order of 
1Ö13 cm-3 can be maintained in low temperature air 
plasmas by means of repetitively pulsed discharges. In 
this paper, we present results of the DC and pulsed 
experiments, as well as two-dimensional CFD simu- 
lations of the DC experiments. The computational 
model uses the Stanford two-temperature chemical ki- 
netics model for the plasma, as well as finite-rate mod- 
els for vibration-electronic energy relaxation and elec- 
tron translational energy relaxation. The computa- 
tional results are in good agreement with the mea- 
sured electron concentration, temperatures, and cath- 
ode fall. 
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Introduction 

There has been considerable interest in recent years 
in finding methods for reducing the power budget 
required to generate large volumes of atmospheric 
pressure air plasmas at modest temperatures below 
2000 K with electron number densities of the order 
of 1013cm~3. These reactive air plasmas potentially 
have numerous applications based on their medical, 
biological, environmental, electromagnetic, and aero- 
dynamic effects. In order to increase the electron num- 
ber density without significantly heating the gas, the 
energy must be added in a targeted fashion. One 
method is to apply the energy addition to the free 
electrons by means of an imposed electrical discharge. 
This approach was successfully demonstrated at Stan- 
ford in a series of experiments in atmospheric pres- 
sure air at temperatures between 1800 and 3000 K. 
In these experiments, a DC electric field was applied 
to flowing air plasmas with initial electron concentra- 
tion corresponding to the chemical equilibrium value 
at the corresponding temperature. These experiments 
showed that it is possible to obtain stable diffuse glow 
discharges with electron number densities of up to 
2 x 1012 cm*3, which is up to six orders of magni- 
tude higher than in the absence of the discharge. This 
value corresponds to the maximum current that can 
be drawn from the 250 mA power supply used in 
the experiments. In principle, the electron number 
density could be increased to higher values approach- 
ing 1013 cm"3 with a power supply capable of deliv- 
ering more current. The diffuse discharges are ap- 
proximately 3.5 cm in length and 3.2 mm in diameter. 
No significant degree of gas heating was observed, as 
the measured gas temperature remained within a few 
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hundred Kelvin of its value without the discharge ap- 
plied. The measured power budget was found to be in 
good agreement with modeling predictions based on a 
zero-dimensional model of plasma chemistry coupled 
with an electric discharge model over the entire range 
of our measurements. For electron number densities 
of 1013cm~3, the predicted power budget is approxi- 
mately 20kW/cm3. 

Because the power budget for DC electron heat- 
ing is too high for the practical use of air plasmas in 
large-scale applications, methods to reduce the power 
budget are being explored at Stanford. Based on 
the predictions of our chemical kinetics and electri- 
cal discharge models, it was found that a repetitively 
pulsed electron heating strategy could provide signifi- 
cant power budget reductions. The basis of the pulsed 
heating strategy is to leverage the finite recombina- 
tion time of electrons and to increase the ionization 
efficiency by using voltage pulses of duration much 
shorter than the recombination time. Significant in- 
creases in ionization efficiency can be obtained by us- 
ing short electric pulses with peak voltages moderately 
larger than for the case of DC electron heating. These 
high voltage pulses significantly enhance the tail of 
the electron energy distribution function, thereby in- 
creasing the rate of ionization relative to vibrational 
excitation by electron impact, which is the dominant 
channel for inelastic power losses in the DC discharges 
investigated. 

In this paper, we present a summary of the DC and 
pulsed experimental results along with numerical sim- 
ulations of the DC experiments. The calculations are 
being used to quantify the effect of a DC discharge on 
the electron concentration in the atmospheric pressure 
air plasma and to refine our fundamental understand- 
ing of ionization kinetics. 

Experimental Approach 
All experiments described here were conducted with 

the experimental set-up shown in Figure 1. The device 
consists of two parts, a gas preheater and a discharge 
region. The gas preheater comprises a 50 kW radio- 
frequency inductively-coupled plasma torch operating 
at a frequency of 4 MHz, a cold gas injection ring, and 
a water-cooled mixing test-section with an inner diam- 
eter of 2 cm and a length of 18 cm. The temperature of 
the plasma at the exit of the 2 cm diameter torch nozzle 
is about 5000 K and its velocity is about 100 m/s. The 
plasma then enters a test-section where it is cooled to 
the desired temperature by mixing with an adjustable 
amount of cold air injected into the plasma stream 
through a radial mixing ring. At the exit of the mix- 

ing test-section the air flow is close to local thermody- 
namic equilibrium (LTE) conditions. Finally, a 1cm 
exit diameter converging nozzle is mounted at the exit 
of the mixing test-section. This nozzle is used to con- 
trol the velocity, hence the residence time, of the flow 
within the discharge region. For the pulsed discharge 
experiments, the centerline temperature, flow velocity, 
and mass flow rate at the entrance of the discharge re- 
gion were approximately 2300 K, 440 m/s and 4.9g/s, 
respectively. 

The discharge region consists of two platinum pin 
electrodes of 0.5 mm diameter held along the axis of 
the air stream by two water-cooled yg stainless-steel 
tubes placed crosswise to the plasma flow. The bottom 
electrode is mounted on the copper nozzle and the up- 
per electrode is affixed to a Lucite ring itself mounted 
on a vertical translation stage in order to provide ad- 
justable interelectrode distance. Several platinum pins 
(diameter 0.02") can be inserted into the discharge re- 
gion to measure the voltage at various locations along 
the axis of the discharge in order to determine the elec- 
tric field. The interelectrode distance was set to 3.5 cm 
for the DC discharge experiments, and 1.2 cm for the 
combined pulsed/DC discharges. 

The electric pulse was generated with a pulse form- 
ing line system developed at Old Dominion Univer- 
sity by Stark and Schoenbach. The pulse shape was 
approximately rectangular, with maximum voltage of 
10 kV and duration 10 ns. In the pulsed experiments, 
a DC discharge of 2kV and 150mA was applied in 
parallel to the pulse in order to pre-ionize the plasma 
at an electron number density of approximately 6.5 x 
1011 cm-3. In all experiments presented here, the bot- 
tom electrode was biased to negative potentials and 
the top electrode was connected to ground. 

Experimental Results 

DC Discharge Experiments 
Figure 2 a photograph of the air plasma plume in 

the region between the two electrodes without the dis- 
charge applied. Figure 3 shows the same region with 
the DC discharge Applied between the electrodes. In 
these DC experiments, the interelectrode distance was 
3.5 cm, the discharge current 200 mA, and the voltage 
applied across the electrodes was 5.2 kV. The bright 
region in Figure 3 corresponds to the discharge-excited 
plasma. The discharge diameter is approximately 
3.5 mm and the electron concentration was determined 
from electrical conductivity measurements to be ap- 
proximately 2 x 1012 cm"3. Without the discharge ap- 
plied, the centerline rotational temperature along the 
axis of the flow decreases from 2300 K immediately 



AIAA 2000-2417    3 

Ducharje Section: 
Pbsia Plume 

Mixing Te* Section 
Wuer-CooJed Qiunz) 

FIGURE 1. Schematic of the Stanford Plasma Torch, 
showing the location of the discharge section. 

above the cathode (bottom electrode) to 2020 K at the 
anode. With the discharge applied, the measured ro- 
tational temperature remains approximately constant 
at a value of 2300 K along the axis of the discharge re- 
gion. Thus the applied discharge does not noticeably 
increase the temperature of the plasma. The cathode 
fall voltage of the DC discharge was measured from the 
potential difference between the cathode and a voltage 
pin placed at a distance of 0.2 mm downstream of the 
cathode. The measured value of 290 V is in excellent 
agreement with the cathode fall voltage reported in 
the literature for glow discharges.1 

The measured electrical discharge characteristics 
for this case as well as several additional experimen- 
tal conditions at plasma temperatures ranging from 
1800 to 2900 K are shown in Figure 4. The solid 
curves in Figure 4 correspond to the predicted dis- 
charge characteristics in atmospheric pressure air plas- 
mas at temperatures of 2000 and 3000 K, respectively. 
A detailed description of the theory underlying these 
predicted discharge characteristics was presented in 
Ref. 2. Good agreement is obtained between the mea- 
sured and predicted discharge characteristics over a 
range of experiments spanning more than three orders 
of magnitude in current density. The current den- 
sity corresponding to an electron number density of 
1013 cm-3 is indicated by the dashed line in the fig- 
ure. The predicted current density j and electric field 
E required to generate 1013 electrons/cm3 in 2000 K 
atmospheric pressure air are equal to 17 A/cm2 and 
1.4kV/cm. The corresponding power budget, jE, is 
therefore approximately 24kW/cm3. 

FIGURE 2. Air plasma at 2000 K without discharge. 

FIGURE 3. Air plasma at 2000 K with DC discharge. 
The measured electron number density in the bright 
central region is approximately 2 x 1012 cm-3. 
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FIGURE 4. Measured and predicted electrical dis- 
charge characteristics in atmospheric pressure air plas- 
mas generated by DC electric discharges. 
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Pulsed Discharge Experiments 
As discussed in the previous section, the power bud- 

get required to sustain elevated electron number densi- 
ties with DC electric discharges is too high for practical 
applications with large volume air plasmas. We have 
therefore explored new strategies to reduce the power 
budget required to sustain superionized air plasmas. 
Our investigations have focused on an approach based 
on pulsed electron heating. The basis of the pulsed 
heating strategy is to leverage the finite recombina- 
tion time of electrons and to increase the ionization 
efficiency by using short electric pulses with peak volt- 
ages moderately larger than for the case of DC electron 
heating. These high voltage pulses significantly en- 
hance the tail of the electron energy distribution func- 
tion, thereby increasing the rate of ionization relative 
to vibrational excitation by electron impact, which is 
the dominant channel for inelastic power losses in the 
DC discharges investigated. 

This strategy is illustrated in Figure 5. Short volt- 
age pulses are applied intermittently to increase the 

10" 
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FIGURE 5.   Predicted electron number density for a 
repetitively pulsed discharge. 
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FIGURE 6. Electron number density as a function of 
time for the pulsed discharge experiment. 

electron number density. The decay rate between 
pulses is governed by electron recombination processes. 
The average electron number density obtained with 
this system depends on the pulse duration, the interval 
between two consecutive pulses, and the pulse voltage. 

In order to test the pulsing scheme, experiments 
were conducted at Stanford University in collaboration 
with Old Dominion University. These experiments em- 
ployed a pulse forming line, designed and built at Old 
Dominion University, capable of generating a short 
duration (10 ns) rectangular electric pulse with peak 
voltages that can be varied in the range 0-16 kV. In 
order to experimentally simulate a repetitively pulsed 
discharge, the initial elevated electron number density 
resulting from the "previous" pulse in a repetitive dis- 
charge was created using a DC discharge operated in 
parallel with the pulse. These experiments enabled us 
to determine the voltage required to increase the elec- 
tron number density to approximately 1013 cm-3 with 
a 10 ns ionizing pulse as well as the recombination time 
of electrons after the end of the pulse. 

In order to determine the effect of the pulse on 
the plasma, the electrical resistance of the plasma 
was measured as a function of time from the voltage 
across the electrodes and the current flowing through 
the plasma. The electron number density can be ob- 
tained from the resistance measurements if the area 
of the discharge is known. This area was obtained 
from optical measurements of the light emitted by 
the plasma during pulse excitation and found to be 
approximately the same as the DC discharge diam- 
eter of 3.2 mm. The electron number density mea- 
sured in this manner is shown in Figure 6. The elec- 
tron number density increases from the initial value of 
6.5 x 10ucm"~3 to a peak of 1013cm-3, then decays 
to 1 x 1012cm~3 in approximately 12 /xs. The average 
measured electron number density over the 12 ps dura- 
tion is 2.8 x 1012 cm-3. With careful accounting for the 
background elevation of the electron temperature and 
the fact that the gas is flowing during the experiment, 
the two-temperature kinetic model has been shown to 
agree very well with the experimental results. 

Power Budget 
We can now estimate the power reduction afforded 

by repetitively pulsed electron heating in comparison 
with DC electron heating. We consider here a repeti- 
tively pulsed discharge starting from an initial electron 
number density of 1012cm-3. The electron number 
density is increased to 1013cm-3 with a 10 ns rectan- 
gular voltage pulse. The electron temperature required 
to produce 1013 electrons/cm3 in 10 ns is calculated to 
be 32,900 K, corresponding to a field of 4 kV/cm. The 
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gas temperature is assumed to be 2000 K. In order 
to simulate the case of a repetitive discharge without 
background DC electron heating, we consider that the 
electron temperature is equal to 2000 K throughout the 
recombination phase. The time predicted for the elec- 
trons to recombine to the initial value of 1012 cm-3 is 
8.7 us. The calculated average electron number density 
over the entire cycle is approximately 2.6 x 1012 cm-3. 

From the results shown in Fig. 4, the current density 
and electric field required to sustain an electron num- 
ber density of 2.6 x 10" cm-3 using DC electron heat- 
ing are 4.5 A/cm2 and 1600 V/cm, respectively. The 
volumetric power for the DC case is then 

PDC a 4.5 A/cm2 x 1600 V/cm = 7.2kW/cm3 

For the repetitively pulsed system, the average current 
density during the ionization phase can be calculated 
from Ohm's law and the predicted electron number 
density evolution. For the present case, the peak cur- 
rent density at the end of the pulse is approximately 
30 A/cm2 and the average current density during the 
pulse 10.5 A/cm2. The average power during the 10ns 
pulse is then 10.5 A/cm2 x 4.0kV/cm = 42kW/cm3. 
The total power over one pulse cycle is obtained by 
multiplying this value by the duty cycle of the pulser, 
here equal to (10 ns)/(8.7/*) = 1.15 x 10"3. The 
power requirement for the repetitive pulsed discharge 
is then 

Ppubed = 42 kW x 1.15 x 10-3 = 48W/cm3 

Thus the power budget reduction afforded by the 
repetitively pulsed discharge in comparison with the 
DC discharge is a factor of 150. 

The optimal power budget that can be achieved 
with a pulse of given duration n in air at a given 
gas temperature depends on the minimum and max- 
imum electron number densities in each pulse (ne,min 
and ne,mMc), the concentrations of heavy species, the 
electric field during (or equivalently the electron tem- 
perature imposed by) the pulse, the interval between 
pulses T2I and the desired average electron number 
density in the repetitive discharge. From analysis of 
the full 38-reaction mechanism for the case of ioniza- 
tion with a pulse T\ = 10 ns, we find that the dominant 
chemical reactions during the ionization phase are the 
electron impact ionization of Oj and Nj. Shortly af- 
ter the end of the ionization phase, the dominant ion 
becomes NO+ as a result of fast charge transfer and 
charge exchange reactions. Thus for the recombina- 
tion phase, we consider that the dominant reaction 
is the dissociative recombination of NO+.  Based on 

these observations, the electron number density evo- 
lution during the ionization and recombination phases 
can be approximated as 

dne| 
At  lioniution 

— fcion,NanenNa + Mon,OanenO» 

and 

dne 

dt I recombination 
— -*DR,NO+n«nNO+ - *DR("e) 

where the rate coefficients of electron impact ioniza- 
tion of Nj and Oj (which depend on the electron tem- 
perature T«) and the rate coefficient for dissociative 
recombination of NO+ are taken from Ref. 2. 

The ratio R of the power required to produce a given 
average electron number density n*t with a repetitively 
pulsed discharge relative to the power required to pro- 
duce the same electron number density with a DC dis- 
charge can be expressed as 

n_   (ff^DC    X
T1+Ti 

(a^Pulie ' n 

Using the electron energy equation and Ohm's law (see 
Ref. 2), A can be approximated by 

Ä^ [r«,Dc]8/2 X^+T* 

(ne)"» PVputa.]3'2 

where (ne)i<m stands for the average electron number 
density during the ionization phase of the pulse. 

By solving the electron number density rate equa- 
tions, analytical expressions can be obtained for 
(ne)

ion and r% as a function of n, T„ and the vari- 
ous rate coefficients. Assuming that the duration Ta 
of the recombination phase is much longer than the 
ionization phase Ti , we obtain 

Äs 
kon(Te)N 

fcDRflJ 

a2«" 
(r 

re,pc \ 
PulM/ 

3/3 

where a = Jbion^n- Additional expressions can also 
be obtained for rj and for the minimum and maximum 
electron number densities of the repetitive pulsed dis- 
charges. 

Figure 7 shows the power reduction factor, mini- 
mum and m»""""'*" electron number densities, and 
interval between pulses as a function of the pulsed 
electron temperature to maintain an average electron 
number density of 2.6 x 1012 electrons/cm3 with a 
10 ns repetitively pulsed discharge in 2000 K atmo- 
spheric pressure air. It can be seen that there ex- 
ists an optimum electron temperature of 27,000 K for 
maxim»tn power budget reduction by a. factor of 220. 
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The corresponding optimal parameters are minimum 
and maximum electron number densities of 1.3 x 1012 

and 6.1 x 1012 cm-3, respectively, and interval between 
pulses of 8 microseconds. For an electron temperature 
of 32,900 K corresponding to the case analyzed in the 
previous section, we find that the predicted power bud- 
get reduction is by a factor of 190, which is consistent 
with the factor of 150 predicted by the more refined 
analysis presented earlier. This type of analysis is 
thus useful to optimize repetitive pulsing strategies. 
It should be noted that care should be exercised in ex- 
trapolating the above power budget reduction expres- 
sion to the case of pulses shorter than 10 ns because 
the ionization phase may be affected by additional re- 
actions at shorter pulse durations. 

250 

0   10000  20000  30000  40000  50000  60000 

e, Pulse 

FIGURE 7. Power reduction factor afforded by pulsed 
vs. DC discharges to maintain an average electron 
number density of 2.6 x 1012 electrons/cm3 in 2000 K 
atmospheric pressure air, as a function of the pulsed 
electron temperature. Also shown are the minimum 
and maximum electron number densities, and interval 
between pulses. All calculations are for a pulse dura- 
tion of 10 ns. 

Numerical Simulations 
In this section we discuss our numerical simulations 

of the DC discharge experiments. The main exten- 
sion of previous work3 involves the modeling of the 
discharge region. 

Conservation Equations 
The DC discharge flow field is described by the 

Navier-Stokes equations that have been extended to 
include the effects of nonequilibrium thermochemistry. 
We solve separate mass conservation equations for each 
of the 11 chemical species present, as well as conserva- 
tion equations for the radial, axial and swirl direction 
momenta. The energy of the flow is modeled by solv- 
ing a total energy conservation equation, a vibration- 
electronic energy conservation equation, and an elec- 
tron energy conservation equation. 

Here we focus on the electron energy conservation 
equation because the variation of the electron temper- 
ature is the most important effect in these flows. We 
have 
dE 
—e- + V • {{Ee + pe)(u + ve) = -V • qe - neeE • u 

-Qh-e ~ Qv-e + Weee, 

where qe = -keV ■ Te, is the flux of electron energy. 
The conductivity of electron temperature, ke is taken 
from Mitchner and Kruger.4 Qh-e, the heavy particle- 
electron energy transfer rate, is 

Qh_e=ne£3fc(Te    "~lme T)pkh \mh> 
Veh- 

The vibrational-electron energy transfer rate, Q,v-e is 
from Ref. 5. The electric field, E, may be expressed in 
terms of the electron pressure, pe, and current density, 
j, and the electrical conductivity, a, as 

f -nee E • u = Vpe • u -I  
<j 

In the above equations, we is the chemical source term 
for the electrons, Seh, is the nonelastic energy factor 
and veh, is the average frequency of collisions between 
electrons and heavy particles. For the experimen- 
tal conditions, the ions have negligible concentrations, 
and the the collision frequency is well approximated 

P 

where ge = yjB>kTelirme is the electron thermal speed 
and Qen is the average cross-section taken to be 
10_15cm2. 

Discharge Model 
To model the discharge region shown in Fig. 3, we 

generalize the channel model suggested by Steenbeck.1 
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At an infinitesimal time after the discharge is ignited, 
the current is vanishingly small everywhere except 
within the discharge region between the electrodes. 
The current at each axial, x, location is then 

t = 2ir J OET dr « 2nE / or dr, 

where E is assumed to be only a function of i. 
The current is controlled experimentally, and thus 

is a prescribed parameter. By imposing this current 
conservation at every location along the axis of the 
discharge, the field E(x) can be determined from the 
above equation. Now, we can apply the field to the 
electron energy equation in the form of the Joule heat- 
ing source term. The discharge then spreads and at- 
tains a steady shape as a result of diffusive processes. 

As mentioned earlier, the pin electrodes are placed 
cross-wise to the plasma flow. Since the stainless steel 
tubes carrying the electrodes do not significantly dis- 
turb the flow, the flow around the electrodes is not 
modeled. However, the effect of the cathode is consid- 
ered by injecting a flux of electrons from a region that 
corresponds to the location of the cathode. This flux 
is calculated from the total current in the discharge 
and the effective area of the cathode. 

Numerical Method 
Under the conditions of the DC discharge experi- 

ments, the energy relaxation processes are very fast 
relative to the fluid motion time scales and the chem- 
ical kinetic processes. To handle this large disparity 
in characteristic time scales, we would usually use an 
implicit time integration method.8 However, for this 
problem a complete linearization of the problem is it- 
self very expensive. (We solve 17 conservation equa- 
tions, and the cost of evaluating the Jacobians and in- 
verting the system scales with the square of the num- 
ber of equations.) Therefore we linearize only those 
terms that are relatively fast, which results in a sim- 
ple and inexpensive semi-implicit method that very 
substantially reduces the cost of the calculations. 

The relatively fast terms are the internal energy re- 
laxation and the Joule heating terms in the source 
terms for the three energy equations. Therefore, we 
split the source vector, W, into these terms, W(ut, 
and all of the other terms, Witow. The conservation 
equations are then written as 

8U , OF ^ 16rG     w     ^w 

where U is the vector of conserved variables, F is the 
axial direction flux vector and G is the radial direction 
flux vector. We then linearize WfMt in time 

w?£ = ^f-t + <%J(r + 0(Ars) 

where CfMt is the Jacobian of WfMt with respect to 
U, and 6Un = Un+1 - Un. Because of the form of 
Wfuti Cf„t is a simple matrix that can be inverted 
analytically. Then the solution is integrated in time 
using 

sir+1 = (J - At QL«) 
_1 (A* (w£.t + w*J 

dx dr   'I 

This approach increases the stable time step by a fac- 
tor of 50 compared to an explicit Euler method. This 
results in a very large reduction in the computer time 
required to obtain a steady-state solution. 

A two-block grid is used to facilitate the implemen- 
tation of the boundary conditions. The first grid block 
represents the nozzle section, and the second grid block 
represents the discharge region as well as a portion of 
the open air which acts as a large constant-pressure 
exhaust reservoir at one atmosphere. 

The inflow boundary conditions are set by choosing 
the inflow static pressure to give the experimental mass 
flow rate of 4.9 g/s. The inflow is assumed to be in LTE 
at the measured temperature profile. This results in a 
consistent representation of the inflow conditions. The 
boundary conditions along the test-section surface are 
straight-forward. The velocity is zero at. the surface, 
the temperature is specified, and the normal-direction 
pressure gradient is zero. We assume that the metallic 
surface is highly catalytic to ion recombination. Oth- 
erwise, the surface is assumed to be non-catalytic to 
recombination for neutrals. 

The computation is initialized as follows: first, the 
inflow conditions are specified as above. Then the 
test-section and reservoir are all initialized at atmo- 
spheric pressure, and at each axial location the tem- 
perature profiles and chemical concentration profiles 
are set identical to the inflow boundary profiles. Once 
a converged solution is obtained for the flow in LTE, 
the discharge is ignited by injecting a flux of electrons 
at the cathode and applying the Joule heating source 
term to the energy equations. Then a steady-state so- 
lution for the DC discharge is obtained. 

Thermochemical and Transport Properties 
We use the Stanford two-temperature 11-species, 

38-reaction chemical kinetics model for air plasmas.1 

Transport properties are computed via mixing rules7 

from curve-fitted transport properties of individual 
species in the air plasma,8 The electrical conductiv- 
ity is taken from Ref. 2. 
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(a) (b) (c) 
FIGURE 8. log10 of the electron number density (a); electron Temperature (b); and translational temperature 
contours in the discharge region. 

Computational Results 

In this section we present numerical simulations of 
the DC discharge experiment. Figure 8a shows the 
log10 of the electron number density contours in the 
computational domain. The DC discharge region can 
be observed in this figure. This is the bright region 
where the electron number density is several orders 
of magnitude higher than in the region upstream of 
the cathode where there is no discharge. It can be 
observed that the electron number density is slightly 
higher than 1012 cm-3 in most of the discharge region. 
This is in good agreement with the experimental mea- 
surements for the electron number density. The elec- 
tron number density falls off gradually downstream of 
the anode region. The shape of the discharge is similar 
to that observed in the photograph of the discharge in 
Fig. 3. The photograph also shows that the discharge 
is constricted at the cathode and diffuses radially out- 
ward, away from the cathode. The simulations capture 
this behavior. 

Figure 8b plots the electron temperature contours 
in the computational domain. It shows that the elec- 
tron temperature is about 12,000 K in the discharge 
region. The computed electron temperatures are con- 
sistent with the experimental predictions. Figure 8b 
also shows that the electron temperature drops off 
sharply just downstream of the anode because the elec- 
trons rapidly equilibrate with the heavy particles due 
to their strong coupling with the heavy species. 

Figure 8c shows contours of the translational tem- 

perature in the domain. It shows that the temperature 
in the discharge is about 3000 K in the discharge re- 
gion. The computed temperatures are generally higher 
than the experimental measurements. Previous simu- 
lations of the Stanford University plasma torch exper- 
iments showed a similar over-prediction in the transla- 
tional temperature. This indicates that the flow model 
used in the simulations may be missing an energy 
transport mechanism. 

Figure 9 plots the axial variation of the centerline 
electron number density and the temperatures along 
with the experimental values. This figure quantita- 
tively shows the variation of the electron concentration 
and the three temperatures along the centerline of the 
discharge. From the figure it can be seen that the elec- 
tron number density remains slightly above 1012 cm-3 

in the discharge region. It falls off gradually down- 
stream of the anode. The computed electron temper- 
ature is very high in the cathode region and falls to 
about 12,000 K in most of the discharge region, which 
is close to the two-temperature kinetic model predic- 
tion. As observed in the contour plot for the elec- 
tron temperature, the electron temperature falls off 
abruptly in the region downstream of the anode. The 
translational temperature increases from about 2200 K 
at the cathode to about 3000 K in the discharge re- 
gion. This is higher than the measured translational 
temperature. However, the computed vibrational tem- 
perature is slightly lower than the experimentally mea- 
sured value. 
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Figure 10 plots the radial profiles of the electron 
number density at two locations in the discharge. Near 
the cathode it can be seen that the diameter of the 
discharge is small and the electron number density is 
elevated in a region which is nearly equal to that of 
the cathode area. Near the center of the discharge the 
electron density is more diffuse and the diameter of 
the discharge is about to 4 mm, which compares well 
with the experimentally observed diameter- 

Figure 11 plots the computed potential along the 
centerline of the discharge. The computed potential is 
nearly linearly increasing with a finite cathode fall of 
about 300 V. The experiments indicate 290 V. ■4000 12 3 
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FIGURE 9. Computed electron number density and 
temperatures along the DC discharge centerline. Sym- 
bols denote experimentally measured values. 
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FIGURE 10. Computed radial profiles of electron num- 
ber density 

FIGURE 11. Axial variation of the potential along the 
centerline 

Conclusions 
The present work demonstrates that stable, diffuse 

discharges with electron number densities approach- 
ing 1013cm~3 at gas temperatures below 2000 K can 
be produced in atmospheric pressure air. This result 
stands in sharp contrast with the widespread belief 
that these diffuse discharges cannot exist without arc- 
ing instabilities or high levels of gas heating. The ex- 
periments also show that the power required to sustain 
an ionization level of 1013 cm"3 with a DC discharge 
is close to 20kW/cm3. Repetitively pulsed electron 
heating strategies were investigated as a way to re- 
duce the power consumption. The experimental and 
modeling results presented here demonstrate that the 
power consumption can be dramatically reduced, by 
over two orders of magnitude, through the use of 10 ns 
pulsed electrical discharges with pulse characteristics 
tailored to match the ionization and recombination re- 
action times. A computational fluid dynamics code for 
the simulation of flowing nonequilibrium air plasmas 
including the presence of a DC discharge was devel- 
oped and compared to the DC experiments conducted 
at Stanford University. The code uses a detailed two- 
temperature chemical kinetic mechanism, along with 
appropriate internal energy relaxation mechanisms. 
The discharge region was modeled by generalizing the 
channel model of Steenbeck, and a new semi-implicit 
time integration method was developed to reduce the 
computational cost. The computational results show 
good agreement with the experimental data, however 
the heat loss is more rapid in the experiment than 
predicted by the computations. Work is being carried 
out to fully understand this discrepancy. The code 
will be extended to handle the modeling of the pulsed 
discharges under investigation. 
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Abstract 

Two important parameters of high pressure, non-thermal plasmas are the 
gas temperature and the electron density. Optical emission spectroscopy and laser 
interferometry have been used to obtain these parameters in .a dc atmospheric 
pressure hollow cathode discharge in air. Ternperatures at and below 2000K and 
electron densities of approximately 10w cm'1 have been measured. The two 
diagnostic methods are a subset of techniques developed to characterize non- 
thermal, high pressure plasmas in a newly established test facility at Old 
Dominion University. 

1. Introduction 

Non-thermal, high pressure plasmas have recently been used in novel emerging 
applications such as excimer ligth sources [1], sur&ce modification of polymers [2], biological 
decontamination [3], and air plasma ramparts [4,5]. Each of these applications requires a specific 
set of plasma parameters. Diagnostic techniques applicable for high-pressure plasmas are 
required to adequately characterize the discharge. In this paper, we concentrate on a 
spectroscopic method, which yields information on the rotational structure of the second positive 
system of nitrogen for gas temperature measurement, and on interfcrometric methods usmg IR or 
microwave sources for electron density measurement The experimental setups are presented, 
and results obtained on plasma generated with a microholbw cathode discharge are discussed. 

2. Temperature Measurement 

Optical emission spectroscopy allows us to determine plasma parameters such as electron 
density (through Stark broadening measurements) and gas temperature measurements. We have 
particularly concentrated on the gas temperature diagnostics in non-equUibrium plasmas in air. 
The rotational structure of the second positive system of nitrogen (transitions from the electronic 
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C-state to the B-state) contains information on the rotational temperature. Because of the low 
energies needed for rotational excitation and the short transition times, molecules in the 
rotational states and the neutral gas molecules- are in equilibrium. Consequently, the rotational 
temperature provides also the value of the neutral gas temperature. 

The 0-0 band of the second positive system of molecular nitrogen, modeled as a rigid 
rotor, has been simulated with the rotational temperature as variable parameter. In order to 
determine the plasma temperature, the simulated spectra are compared with the measured one. 
This comparison requires that the instrument profile (FWHM) of the spectrograph has to be 
taken into account. This is done by convoluting the computed line spectra with the appropriate 
Gauss function. Such simulated spectra for an FHWM=0.02nm are shown in fig. 1 for three 
temperatures [6]. The curves are shifted vertically for a better separation. 
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Fig. 1: Simulated spectra of molecular nitrogen 

Generally, resolving the rotational structure requires a monochromator with very high 
resolution. A OJm imaging monochromator/spectrograph with a 3600 g/mm grating (with 
240nm blaze wavelength) was used as dispersing element. Dual exit ports offer the versatility of 
mounting two different detectors at the same time. One exit port is equipped with an exit slit and 
a photomultiplier. The second port will be used for a fast light-intensified CCD-camera (25mm 
micro channel plate with photocathode, gating speed down to 200ps, adjustable in lOOps steps), 
which allows temporally resolved spectroscopic measurements. 

Fig. 2 shows a measured spectrum of a microhollow cathode discharge (MHCD) in room 
air at atmospheric pressure. A MHCD is a direct current, high pressure glow discharge between 
two closely spaced electrodes, which contain circular openings [7J. The electrodes are separated 
by an insulator (mica or alumina). In this experiment we used lOO^im thick molybdenum 
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spectrograph was measured with a mercury lamp (line at 361nm) as FWHM=0.02nm. A 
comparison with simulated spectra resulted in a temperature of T=1500K. 

MHCO in atmospheric air, FWHM=0.02nm 
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Fig. 2: Measured spectrum of a MHCD in atmospheric air. 

The nitrogen line at 337. lnm (within the second positive system of nitrogen) is the line with the 
highest intensity and therefore easy to measure. This diagnostic can also be used in other gas 
mixtures, if the application allows the addition of small amounts of nitrogen. 

3. Electron Density Measurement 

3a. Infrared Interferometry 

The interferometer is designed as a heterodyne Mach-Zehnder interferometer. The source 
is a C02-laser operating at 10.6um. Figure 3 shows the experimental setup. 

The laser beam is split in two beams. One beam passes through the plasma, while the second 
beam passes along a reference path, where it undergoes a frequency shift of 40 MHz applied by 
an acousto-optic modulator. Using a beam splitter, the two beams are allowed to interfere and 
produce two signals, only one of which has the beat frequency of 40 MHz. This signal is then 
compared to the driver signal of the acousto-optic modulator (which also has a frequency of 40 
MHz). The phase shift is then converted to a voltage by a phase detector. The resolution of the 
interferometer was about 0.01 degree. 
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Fig. 3: IR-Interferometer for electron density measurement 

The above-described technique is best applied to a pulsed system, with pulse repetition 
rate of few kilohertz. This enables the separation of the phase shift caused by the electrons from 
the phase shift caused by mechanical movement and thermal drifts. This method was applied to 
plasma generated by a microhollow cathode discharge in atmospheric pressure room air. using a 
sample with the same dimensions (lOOjim thick molybdenum electrodes, separated by 125nm 
thick alumina sheet, with lOOjira holes). The voltage between the electrodes was 390V, the 
discharge current was 12mA. The plasma was lOOum wide and 400um long. Electron densities 
on the order of 1016 cm"3 were measured. In order to provide evidence that the laser does not 
affect the plasma in the micro cavity, experiments with varying laser intensity have been 
performed. Fig. 4 shows that the electron density measurements are independent of the laser 
beam power. 
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Fig. 4: Electron density versus laser beam power 
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3b. Microwave Interferoraetry 

In order to extend the range of electron density measurements to lower values, a 
microwave interferometer is being developed. The increase in wavelength allows us to expand 
the diagnostic range down to 10,rcm*3, however on the expense of spatial resolution. Figure 5 
shows the interferometer design we adopted for our experiments. 

PHASE SHFTEJI 
PLASMA 

<i OOi 

Fig. 5: Microwave Interferometer for number density measurement 

The microwave interferometer, or phase bridge, shown above operates as follows. A 
microwave signal generated by a Gunn diode oscillator is divided in two equal portions by a 
Short Slot Coupler. One portion is transmitted through the plasma. The second portion is 
channeled to a second power divider which splits the signal to drive the LO input of the I-Q 
mixers. The signal transmitted by the plasma is also split in two portions, which drive the RF 
inputs of the I-Q mixers. Since both the LO and RF inputs of the mixers are at the same 
frequency, a DC signal is obtained at the IF output of the mixers. Calibration of the bridge is 
achieved by setting the Level Set Attenuator to the maximum attenuation position, measuring the 
DC offset of the mixers, varying the Phase Shifter through 360°, and recording the DC voltage at 
the LF output of the mixers. The measurement is repeated for varying level of attenuation. This 
set of data is then used to analyze actual phase shifts undergone by the microwave signal with 
the plasma ON. The accuracy of the measurement is determined by the resolution of the voltage 
measurements. 

Conclusion 

Spectroscopic measurements of the structure of the second positive system of nitrogen 
allow us to accurately determine the background gas temperature in nonthermal plasmas. Our 
method was used on a microhollow cathode discharge. Temperatures at and below 2000 K were 
measured. Infrared and microwave interferometry allow us to obtain information on the electron 
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discharge plasma, we measured electron densities close to 10 ° an". A specially designed 
microwave interferometer will allow us to measure electron densities down to about 10   cm*. 

The diagnostic techniques presented in this paper are a part of a test facility for high 
pressure, non-thermal plasmas. This test facility allows to study large volume plasmas over a 
large pressure range in a standardized discharge cell The facility also includes electrical (large 
bandwidth scopes for current-voltage measurements) and optical (high speed CCD camera to 
study the development of instabilities) diagnostics. 
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Abstract 

Direct current glow discharges have been operated in atmospheric air by using microhoUow cathode 

discharges as plasma cathodes. The glow discharge gap was varied between 2 mm and 10 mm The 

differential electric field strength, necessary to support the air glow, was found to be about 1.2 kV/cm at 

current densities on the order of 3.8 A/cm2. The electron density is 10,2-10" cm-3 in the midplane of the 

discharge gap. The neutral gas temperature was measured by emission spectroscopy of the excited 

rotational states of the N2 molecule (C-M transition) and was found to be approximately 2000 K. The glow 

discharge current can be controlled by varying the current of the plasma cathode. Parallel operation of the 

filamentary glow discharge allows the generation of large volume glows in atmospheric air. 

Introduction 

Research on high pressure glow discharges is 

motivated by applications such as instantly activated 

reflectors and absorbers for electromagnetic 

radiation, surface treatment, thin film deposition, 

remediation and detoxification of gaseous pollution, 

and gas lasers. The majority of these applications 

require the generation of air plasma at atmospheric 

pressure. If used as plasma rampart its gas 

temperature should be less than 2,000 K; the air* 

plasma should have a lifetime of at least 10 ms, and 

electron densities should be on the order of 10" cm'1. 

One of the major obstacles in obtaining such a plasma are 

instabilities, particularly glow-to-arc-transitions (GAT), 

which lead to the filamentation of the glow discharge in 

times short compared to the desired lifetime of a 

homogeneous glow. These instabilities generally develop 

in the cathode foil, a region of high electric field, which in 

self sustained discharges is required for the emission of 

electrons through ion impact Eliminating the cathode fall, 

by supplying the electrons by means of an external 

source, is therefore expected to extend the range of stable 

operation. 

1 University of Erlangen, Germany 
2 Stanford University, USA 
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MicrohoUow Cathode Discharge as Electron 

Emitter 

Microhollow cathode discharges (MHCDS) are gas 

discharges between closely spaced (* 100pm) 

electrodes with circular openings with diameters on 

the same order as the electrode gap. Reducing the 

size of the electrode opening to the range of 100 um 

and below, stable glow discharge operation has been 

achieved at atmospheric pressure and above in noble 

gases [13]. When operated in the hollow cathode 

discharge mode electrons can be extracted through 

the anode opening at moderate electric fields. These 

electrons support a stable plasma between the 

microhollow anode and a third electrode (anode). 

Atmospheric Pressure Glow Discharges in Air 

This concept of using the plasma generated by a 

microhollow cathode discharge as electron source for 

high-pressure glow discharges has been applied to 

discharges in air [2]. We were able to generate a direct 

current glow in atmospheric pressure air with electron 

densities on the order of 10" cm'3. A photograph of 

the discharge and the electrode geometry, taken with a 

charge coupled device (CCD) camera, is shown in 

Fig. 1. Generally, the electrodes consist of 100 urn 

thick molybdenum foils, and the diameter of the 

electrode opening ranges from 80 to 100 um. The 

dielectric is alumina, 100-250 urn in thickness. The 

third electrode, also made of molybdenum, is placed 

at a distance of several millimeters up to one 

centimeter in front of the plasma cathode and is biased 

positively. The stable air glow develops between the 

MHCD (plasma cathode) and the third electrode. 

Fig. 1 Side-on photography of the discharge in 1 

atmosphere in air. (Gap distance D ■ 2 mm) 

The value of the neutral gas temperature was 

obtained through emission spectroscopy of the 

excited rotational states of the Nj molecule (C-M 

transition, [7]). A 0.5 m scanning monochromator 

(McPherson) was used to record the emission 

spectra in a range between 320 nm and 338 nm. The 

width of the entrance and exit slit was 30 urn. The 

measured rotational spectra were than compared 

with the modeled one [8]. 

0.0 

SknuMon 

_^iuiMHJlM 
320322  324  326328330 332  334336338 

Wavelength (nm) 

Fig. 2 Rotational spectra of Nitrogen (C-M 

transition, second positive system) for an 

atmospheric air glow (I " 8 mA). The calculated 

spectra [8] fits best with the measured one for a 

rotational temperature of 2400 K. 
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Fig. 2 shows a calculated spectrum and a measured 

spectrum in the mid plane of the discharge gap for a 

discharge in atmospheric pressure air. The gap 

distance was 2 mm and the discharge current was 

kept constant at 8 mA. The comparison of the 

calculated spectra with the measured spectra shows 

good agreement for a rotational temperature of 2400 

K. The accuracy is better than 25 K. At 2 mm gap 

distance there was no significant change in gas 

temperature along the discharge axis and we have 

therefore concentrated on the measurement of the 

gas temperature in midplane of the discharge gap for 

various current and additives of helium, 

respectively. 

The results of these measurements are shown in Fig. 

3 and Fig. 4. At currents between 5 mA and 14 mA 

the gas temperature rises from 2200 to 2800 K. At 

current less than 8 mA, the gas temperature 

decreases linearly with current and the differential 

change of temperature with current is constant 

dT/dI = 66.6(K/mA) (4) 

The lower limit in current is given by the minimum 

current required to support stable dc glow discharge 

operation in atmospheric pressure air, which in this 

case is at approximately 4-5 mA. 

In order to lower the gas temperature, an additive 

with high thermal conductivity (helium) was used 

(Fig. 4). The total pressure was 1 atm and the 

discharge current was kept constant at 8 mA. The 

decrease in temperature by adding up to 30% of 

helium can be described by the following relation: 

dT/drW%He) = -13.3 (K/p^/oHe))    (5) 

3000 

2*2500 

2000 

Fig. 3 Gas temperature for various glow discharge 

currents in 1 atmosphere air. 
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Fig. 4 Gas temperature for various partial pressure 

of helium in an atmospheric pressure air discharge. 

For application as plasma rampart, the gas 

temperature needs to be lower than 2000 K. This 

can be achieved, either by operating the discharge at 

lower current or by adding helium. Assuming, that 

equation (5) holds also for discharge currents lower 

than 8 mA, the gas temperature can be estimated by 

using (4) and (5). E.g. at 5mA discharge current and 

20% helium as additive, the gas temperature of the 

atmospheric pressure air/helium discharge would be 

about 1930 K, which would satisfy the requirement 

in temperature for plasma ramparts. Experiments 
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indicate that the discharge current can be reduced 

further by reducing the gap distance of the 

supporting microhollow cathode discharge, allowing 

us to operate even pure air discharges at 

temperatures below 2000 K. 

Based on Ohm's law, the electron density n, in the 

plasma column can be estimated from the current 

density j, and the electron drift velocity ve, which is 

dependent on the reduced electric field E/N-r: 

j =e-ne-Ve(E/NT), 0) 

with e being the electron charge and NT being the 

neutral particle density at a temperature T: 

Nx-To/T-No (2) 

No is the neutral particle density at T0 ■ 273 K. The 

electron drift velocity in air as function of the 

reduced electric field strength is [4]: 

ve = 5-106cm/s (3) 

for a reduced electric field strength of 3210"'7 Vcm2. 

Measurements of the neutral gas temperature by 

emission spectroscopy of the rotational spectrum of 

the excited states of me N2 molecule in air (C-M 

transition) have indicated a temperature close to 2000 

K. Assuming that the average electric field is the 

voltage across the discharge gap, divided by the gap 

distance and the current density is the current divided 

by the crossection of the discharge in mid plane, the 

electron density at mid plane of the glow was 

estimated to be 5-1012 cm'3. For this calculation the 

average electric field was \2 kV/cm, obtained for a 2 

mm gap, and the electron drift velocity was 5-10* 

cm/s at 2000 K gas temperature. At increasing 

discharge current, values of 10,J cm"3 can be 

achieved. 

Current IMC»1 

Fig. 5 Current in a 1 atmosphere glow discharge 

versus microhollow cathode discharge current 

Above a threshold value, the current in the glow is 

completely determined by the current of the 

microhollow cathode discharge [1]. In Fig. 5 the air 

glow discharge current versus MHCD current is 

shown. The glow discharge current is identical to the 

plasma cathode current The microhollow cathode 

discharge acts consequently as a constant current 

source for the air glow. The current-voltage 

characteristic of the microhollow cathode discharge 

is such that small variations in the MHCD voltage 

cause large swings in the electron current, and 

consequently the current in the air glow, an effect 

which is analogous to that of a vacuum triode. 

Although the plasma volume in this experiment is 

still on the order of mm3, the described method 

allows us to scale it to larger values. In longitudinal 

direction this can be achieved by extending the 

electrode gap, which requires to increase the applied 

voltage. In transverse direction large volume plasma 
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operation can be achieved by superimposing 

microhollow cathode discharges supported glows 

through parallel operation [5]. Individual control of 

each of the discharge elements is possible and 

permits to generate any desired plasma pattern in the 

transverse plane. 

A limiting factor for use as plasma rampart is the 

power consumption in the glow, which can be 

estimated from the electrical parameters. Assuming 

the average electric field in the glow to 12 kV/cm 

(approximated from a 2mm discharge), and the 

current density at midpoint between the electrodes to 

approximately 4A/cm2, the power density is 5 

kW/cm\ This value agrees with estimates which are 

based on carrier lifetimes and average ionization 

energies [6].- For application as plasma rampart the 

power consumption is high and at this point would 

prevent us from generating large volume plasmas. 

However, experimental results with combustion 

assisted glow discharges in air indicate that the power 

can be reduced by orders of magnitude. A second 

approach to reduce power consumption is adding of 

gases with low ionization potential. 
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ABSTRACT 

The temperature of the neutral particles in weakly 
ionized air can be determined by measuring the 
rotational spectrum of the 0-0 band wjthin the second 
positive system of nitrogen and comparing it with 
simulated spectra. This diagnostic technique has been 
applied to direct current microhollow cathode 
discharges in atmospheric air. Temperatures in the 
range from 1700K to 2000K have been measured over a 
discharge current range from 4mA to 12mA. The 
rotational spectra of nitrogen were simulated using a 
simple model, which can easily be implemented. The 
simplicity compensates for the loss in accuracy (-10%), 
which can be achieved with more sophisticated models. 

INTRODUCTION 

High-pressure glow discharges are nonequilibrium 
discharges: The temperature of the heavy particles is 
generally much less than the electron temperature. 
Applications for high pressure glow discharges range 
from gas lasers, remediation and detoxification of 
gaseous pollution, biological decontamination, surface 
treatment and thin film deposition, to their use as 
plasma ramparts. These are atmospheric pressure air 
plasmas, which serve as shields against strong 
electromagnetic radiation, and can be activated on a 
time scale of less than microseconds. 

Of the plasma parameters which need to be known 
in order to determine the use of the air plasmas as 
ramparts two are of utmost importance: the electron 
density and the gas temperature. The electron density 
determines the frequency range where the shield is 
effective; the gas temperature should be below 2000K 
in order to prevent thermal loading of the system which 
is to be protected. A method, which allows us to obtain 
the temperature of the heavy particles in air, is based on 
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the measurement of the rotational state distribution in 
the second positive system of nitrogen, which involves 
transitions from the electronic C-state to the B-state. 
Due to the low rotational excitation energies and the 
short transition times (~0.6ns) the temperature 
relaxation between rotationally excited molecules and 
the neutral gas is very fest Consequently, the rotational 
temperature provides a value for the neutral gas 
temperature, too. 

Measurements of the rotational temperature are 
performed by means of emission spectroscopy. The 
measured spectrum depends on the thermal distribution 
of the rotationally excited states, the probability for the 
optical transitions, and the line shape function of the 
spectral system. In order to obtain information on the 
rotational (gas) temperature, the measured spectrum is 
compared to a simulated spectrum. 

SIMULATION OF THE N» SPECTRUM 

The 0-0 band of the second positive system of 
molecular nitrogen has been simulated with the 
rotational temperature as variable parameter. Nitrogen, 
which is with 80% the major gas component in air, 
contributes to more than 98% of the UV emission in 
low temperature glow discharges. The strongest 
transition group in nitrogen is the so-called second 
positive system, which involves transitions from the 
electronic C-state to the B-state. 

N^X'l^v-o + e(>l 1.03 eV) -> N2(C3IItt)v- + e 

Second positive system: N2(C
3nu)v-  ->N2(B

3ni)v- 

X (v'=0 -> v"=0) = 337.1 run 

The diatomic molecule of nitrogen is modeled as a 
symmetric top (rigid rotator). With the quantum number 
of both vibrational states being zero, the total frequency 
of a transition is described as the sum of the frequencies 
of the electronic transition and the difference between 
two rotational states. For the three branches P (AJ=+1), 
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Q (AJ=0), and R (AJ=-1), J being the rotational 
quantum number, this can be written as : 

P: VL =vo + V-. "^-    with f> = 0,1,2 

Q:vQ
nj=v^Faj.-Faj.     with Q = l,2 

* •£, = v«, + /W+. -/W- with Q = 0,1,2 
where v0 is called the band origin or the zero line and 
Fnj- the term values of the rotational states. For the 
triplet system of nitrogen (total rotational momentum 
projection Q=0,l,2) these values can be estimated using 
the semiempirical equation of Budö : 

F0J. =5Jy(y+l)-V^-2Z2)- Dv(J*-if 

FXJ. =Bv(jiJ'+i)+jz;-2z2)-Dv(j'+±y 
with Bv and Dv being the rotational constants obtained 
from reference 3-\ Equations for the values Zi and Z2 as 
a function of the spin-orbit coupling constant Yv are 
shown below: 
Zl=Yv(Yv-4) + } + 4J'(J'+\) 

z2=^-(i;(n-i)-i-2>(y+i)) 

Y« takes the transition for increasing J' from 
Hund's case (a) to Hund's case (b) into account Values 
can be found in references5,6. This set of equations 
allows us to determine the frequencies of the optical 
transitions. 

The temperature dependent population of the 
rotational states for J' as well as J" is determined by 
the Boltzmann distribution: 

Nv   £(i/+i)exp{-(Äc4y(y+i)/A:r)} 

where (2J+1) is the degeneracy of the quantum state J 
and Bv is a rotational constant depending on the 
vibrational state. The infinite sum can be approximated 
by an integral, and the population of the rotational 
states can be described as: 

fj~ 

hcB. B„hc /,=^(2y+i)exp^-y(j+i) kT 

The intensity of each upper rotational level can be 
expressed, apart from a constant, as the product of the 
Boltzmann distribution fj and a line-strength factor Sj-, 
which defmes the distribution over the P, Q and R 
branches. The precise formulae for the line strengths of 

a symmetric top for absorption, which are valid whether 
or not thermal equilibrium exists, were first given by 
Hönland London : 

br - 

s Q - 
V'+l 

(2J'+1)Q2 

J'(J'+l) 

c «   Q/'+nx./'-fl) 
Sj- -        j,       • 

. The relative intensity of a spectral line is the 
product of the thermal distribution in the upper excited 
state and the Hönl-London factors: 

These formulas allow us to calculate the relative 
rotational line spectrum (wavelengths and intensities) of 
molecular nitrogen. In order to compare the measured 
spectrum with computed spectra, line-broadening 
effects have to be taken into account. Natural line 
broadening can be neglected compared to the 
instrumental FWHM. The .instrument profile is 
measured using a low-pressure mercury lamp. In the 
last simulation step the computed line spectrum is 
convoluted with a Gaussian distribution with the 
FWHM determined in the calibration measurement. 
Results of the simulation of the line at 337.1 nm within 
the second positive system of nitrogen for an 
instrumental FWHM=0.025 nm at several temperatures, 
are shown in fig. 1. The curves are shifted vertically for 
a better separation. 

326   328    330    332    334   336   338 
wavelength (nm) 

Fig. 1: Simulated (0-0) band of the second positive 
system of nitrogen at 300K, 600K and 1500K. 

The  diagnostic  method  has  been   applied  to 
microhollow cathode discharges' in atmospheric air. 
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EXPERIMENTAL RESULTS 

Microhollow cathode discharges (MHCDs) are 
direct current; high pressure glow discharges between 
two closely spaced electrodes, which contain circular 
openings. In this experiment two 100 um thick circular 
molybdenum electrodes were used, which were 
separated by a 130 um thick alumina layer. A laser 
drilled hole through the sample had a cathode hole 
diameter of 170 urn. The anode hole diameter is 
smaller. Experiments have shown that the anode 
geometry does not affect the discharge considerably; 
The anode hole could even be omitted. In order to keep 
the capacitance of the electrodes small, the cathode had 
a much smaller diameter than the anode. Details of the 
sample are shown in fig. 2. 

molybdenum anode. 
lOOum thick. 
16mm diameter 

3 ar 13 

molybdenum cathode. 
lOOum thick. hol«. 
4mm diameter 170um diameter 

alumina insulator, 
I30um thick, 
18mm square 

Fig. 2: Microhollow cathode geometry 

The electrical circuit and the experimental setup 
are shown in fig. 3. 

lens spectrograph 

vacuum 
chamber 

current limiting 
resistor 

quartz 
Pn0,0\    window ,u 
multiplier I > 

stability 
control 

v voltage 
/measurement 

DC 
700V © 

current 
1 measurement 

T      i 
Fig. 3: Experimental setup 

The Mosfet acts as a constant current source. The 
constant drain current can be adjusted by changing the 
dc   gate   voltage.   The   discharge   is   ignited   by 

momentarily raising the drain supply voltage. The 
sample is mounted in a stainless steel vacuum chamber. 

A 0.5m Czemy-Tumer spectrograph with a 3600 
grooves/mm grating blazed at 240nm is used to record 
the emission spectrum. A photomultiplier with a 
spectral range of 180nm - 900nm is attached to the 
output slit. The electrical signal of the photomultiplier 
is recorded via a 16bit AD converter car. The 
instrumental FWHM was determined using the tines at 
365nm and 312nm of a low-pressure mercury lamp; a 
resolution of 0.24Ä was achieved. A measured 
spectrum from 300nm to 450nm of the discharge in 
atmospheric pressure dry air is shown in fig. 4. It shows 
the second positive system of nitrogen with the 
strongest line at 337. lnm. 

280  300  320  340  360  3»  400  420  440  460 

wavelength (nm) 

Fig 4: Emission spectrum of MHCD in atmospheric air 

Rotational spectra of microhollow cathode 
discharges at atmospheric pressure in dry air as well as 
normal room air have been measured for various 
discharge currents. In order to prove that a thermal 
steady state is reached, measurements were repeated 
over time. Starting 10 minutes after igniting the 
discharge and adjusting the current to 4mA, 3 
consecutive measurements in intervals of 10 minutes 
have been performed. Then the current was adjusted to 
8mA and finally to 12mA, with the same measurement 
procedure for each current. Results for dry air are 
shown in fig. 5. The spectra are normalized and 
vertically shifted for a better separation. 
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Fig. 5: Measured rotational spectra of MHCDs in • 
dry air at atmospheric pressure. 

With increasing temperature, higher rotational 
states are excited. In order to determine the highest 
temperature in the plasma, only the higher rotational 
states for wavelengths below 330nm were compared 
with the computed spectra. With increasing discharge 
currents from 4mA to 8mA and to 12mA the highest 
gas temperature increases from 1700K to 1900K and to 
2000K. Although the power is doubled from 4mA to 
8mA (the voltage is constant) and increased again by a 
factor of 1.5 from 8mA to 12mA, the temperature 
changes only by about 15%. This is probably due to the 
fact that with increasing power the plasma volume 
increases, so that the power density is only slightly 
changed. 

The same measurements have been performed for 
room air (humid air). The results show the same 
behavior, with slightly smaller temperature changes 
(highest and average temperature) over the discharge 
current. 

CONCLUSION 

The neutral gas temperature in weakly ionized air 
can be estimated by a comparison of measured and 
simulated spectra of the (0-0) band of molecular 
nitrogen. The N2 molecule was modeled as a rigid 
rotator, which allows a very easy implementation. 
However, the simplified model causes a loss in 
accuracy especially at higher temperatures. One 
measurement on a microhollow cathode discharge at a 
high temperature has shown that for temperatures up to 
2000K the accuracy is about 10%. Our estimated 

temperature was found to be lower by this fraction, 
compared to the results of a more sophisticated model . 
This derivation from actual values is expected to be less 
for lower temperatures. 
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Electron Heating in Atmospheric Pressure Air Discbarges 

Robert H. Stark and Karl H. Schoenbach 
Physical Electronics Research Institute, Old Dominion 

University, 
Norfolk, Virginia 23529 

Atmospheric pressure air plasmas have gained interest because 
of possible use as plasma reactors, light sources, for thin film 
deposition, surface modification, and as plasma ramparts. For 
plasma ramparts, which are air plasmas serving as protective 
shields against incident microwave radiation, the required free 
electron density must be on the order of 1013 cm"1 at gas 

" temperatures of less than 2000 K. At equilibrium conditions, 
where the electron energy distribution is determined only by the 
value of the reduced electric field (E/N), the power density 
required to sustain an atmospheric pressure air plasma of 10 
cm'* electron density is approximately 5 kW/cm3, a value which 
makes the generation and sustainment of large plasma volumes 
extremely expensive. However, since the rate coefficient for 
electron gain and loss processes, which define the power 
consumption, are dependent on the electron energy distribution 
function (EEDF), manipulation of the EED might allow us to 
reduce the power. Particularly shifting the EEDF towards higher 
electron energies (electron heating), without heating the gas, 
will cause an increase in ionization rate and decrease in 
attachment    and   recombination    rate.    Experiments   with 
nanosecond high voltage pulses applied to a dc atmospheric 
pressure air plasma have been performed to study this effect. A 
10 ns high voltage pulse with a rise time of 1 ns, was 
superimposed to a dc microhollow cathode discharge sustained 
air glow with a current of 10 mA. The applied pulse generated 
electric  fields of 10-30 kV/cm  in  the plasma.  Electrical 
measurements of the temporal development of current and 
voltage and optical measurements of the integral emission 
intensity during the pulse and in the afterglow of the discharge 
have shown an increase in electron life time from 200 ns at 10 
kV/cm to approximately 1.6 us at 30 kV/cm. Beyond reduction 
in power consumption, indicated by the experimental results, 
pulsed electron heating might also be used to influence the 
plasma chemistry in high pressure plasma reactors. 
[1] Robert H. Stark and Karl H. Schoenbach, "Direct Current 
High Pressure Glow Discharges," J. Appl. Phys., 85,2075 
(1999) 
[2] Robert H. Stark and Karl H. Schoenbach, "Direct Current 
Glow Discharges in Atmospheric Air," Appl. Phys. Lett., 74, 
3770(1999) 
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Plasma Cathode Sustained Filamentary Glow Discharges 
in Atmospheric Air 
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Applied Research Center. Newport News, VA 

Glow-to-arc transitions in filamentary glow discharges in atmospheric 
air can be largely avoided by use of a plasma cathode, as has been 
demonstrated in short filamentary discharges in air [1]. In these 
experiments a dc-driven microhollow cathode discharge (MHO)) 
was used as a plasma cathode to sustain a stable, direct current 
discharge between the plasma cathode and a third positively biased 
electrode. We have, using the same concept, extended the gap 
distance (distance between plasma cathode and third electrode) from 
previously 2 mm to the range from 6 mm to 20 mm and have studied 
the electrical, optical and plasma properties of such long filamentary 
glow discharges in atmospheric air. The MHCD is ignited between 

, closely spaced molybdenum electrodes, separated by a 130 um thick 
alumina layer, with a 130 um hole through the sample. The 
filamentary discharge was ignited at small gap distances, in order to 
keep the ignition voltage at a low level, and then the gap was 
extended to the desired distance. In a certain range of current the 
filamentary glow discharge (FGD) current was found to be identical 
to the microhollow cathode discharge current In this range control of 
the FGD by the MHCD is possible. From previous measurements of 
short gap filamentary discharge the gas temperature was found to be 
approximately 2.000 K [2], the electron density was estimated as 
close to 10" cm*1 [1]. We will report on the results of measurements 
of these plasma parameters in long filamentary air discharges, and the 
electrical parameters, which determine the current range of MHCD 
control of the FGD. Parallel operation of these controlled filamentary 
glow discharges by using individual or distributed ballast might allow 
the generation of large volume, high pressure glows in air. 

II] Robert H. Stark and Karl H. Schoenbach. "Direct Current Glow 
Discharges in Atmospheric Air." Appl. Phys. Lett. 1A, 3770 (1999). 
[2] Robert H. Stark. Uwe Ernst. Mohamed El-Bandrawy, Christophe 
Laux, and Kart H. Schoenbach, "Direct Current Glow Discharges in 
Atmospheric Air," Proc. 30* AIAA Plasmadynamics and Lasen 
Conf.. Norfolk, VA July 1999, paper AIAA-99-3666. 
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Parallel Operation of Microhollow Cathode Discharges 

Robert H. Stark. Ahmed El-Habachi, and Karl H. Schocnbach 
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Microhollow cathode discharges (MHCDs) are high pressure 
gas discharges between a cathode, which contains a circular 
opening and an arbitrarily shaped anode. The diameter of the 
cathode hole as well as the electrode gap is approximately 100 
urn. Operation on such a small spatial scale enables stable direct 
current  glow  discharge  operation  even  at  high  pressure. 
Microhollow   cathode   discharges   have   been   operated   at 
atmospheric pressure in rare gases (e.g. argon, xenon), rare gas 
halogen mixtures (e.g. argon fluoride, xenon chloride) and in 
air. Stable dc high pressure glow discharge operation is of 
interest in lighting, plasma processing, and as plasma cathodes 
for air plasma ramparts. The required plasma size for these 
applications exceeds that of a single microhollow cathode 
discharge and therefore requires their arrangement in arrays. 
Parallel operation of up to sixteen micro discharges has been 
reported using distributed ballast1. A simpler way to generate 
arrays is to operate the glow discharges in a range where the 
voltage current characteristic has a positive slope, e.g. in the 
abnormal glow region. This can be achieved by limiting the 
cathode surface to a small value such that even at low currents it 
is completely covered by the plasma. In order to reduce the 
cathode area, the cathode surface was covered with a dielectric, 
such that only the cylindrical surface area of the cathode 
opening   was   available   as   cathode2.   The   current-voltage 
characteristic for argon microhollow cathode discharges, which 
without   cathode   cover,   has   a   normal   glow   discharge 
characteristic for currents in excess of 1 mA, changes strongly 
when the cathode area is restricted in size.  For argon at 
atmospheric pressure, the current-voltage characteristic showed 
then a positive slope of 10 V/mA for currents ranging from 1.5 
mA to 6 mA. Parallel operation of two microhollow cathode 
discharges,    separated    by    approximately    2    mm,    was 
demonstrated without ballast in this current range. The results 
indicate the possibility to generate large area plasma sources by 
using a fourth dielectric layer on top of the usual three layer 
MHCD structure. 
[1] Wenhui Shi, Robert H. Stark, and Karl H. Schoenbach, 
IEEE Trans. Plasma Science, 27,16 (1999) 
[2] Masatoshi Miyake, Hikaru Takakaski, Koich, Yasuoka, and 
Shozo Ishi, Conf. Record, IEEE Intern. Conf. Plasma Science, 
Monterey, CA, 1000, paper 7P61, p. 326 
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Measuring Electron Di-nsitic-* in Highly Collisions! 
Plnsiuns Using a 110 GHz Interferometer 

K. I.. Kelly1. J. E. Scharer1. M. laroussi5, R. Block'. K 
Schueiibarh* 

'Department of Electrical and Computer Engineering 
University of Wisconsin, Madison 

' Old Dominion University. Norfolk. VA 

A 110 (ill* interferometer is used to measure electron densities in 
a highly collisional plasma. The plasma is formed and maintained 
with a helical coil driven at 13.56 MHx. in this regime, the back- 
ground pressure approaches alniixtpheric pressure, and the colli- 
sionality is of the order i',-„ = 10* - 1013. Probe measurements 
in this pressure range are innacc.urnte and unreliable due to com- 
plicated efTecls that electron-neutral collisions have in the sheath. 
It is necessary to operate an interferometer at a frequency high 
enough that the dominant characteristic frequency is the operat- 
ing frequency (/miir.vu > !/,_„) yet low enough that small phase 
changes can be detected as a wave passes through the plasma. In 
this experiment, plasma dimensions are of the order 5-10 cm. In 
addition, the inelastic nature of collisions in this experiment make 
it necessary to interpret small phase changes with great care. A 
model has been developed help in that interpretation. Typical op- 
erating parameters are pressure* of I-700 Torr, applied magnetic 
field of 0-1000 Kau«s. operating gnssm of nitrogen, oxygen, argon, 
and air, and input RF power levels of 100-3000 Watts. 
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Electron Density Measurements in Pulsed Atmospheric 
Pressure Air Plasmas by IR Heterodyne Interferometry 
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Karl H. Schoenbach 

Physical Electronics Research Institute 
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Microhollow cathode discharges have been shown to serve as 
plasma cathodes for atmospheric pressure air discharges [I]. The 
high pressure discharges are operated dc at currents from 10 mA 
up to 30 mA and at average electric fields of 1.25 kV/cm. The 
electron density in the dc discharge was estimated to be in the 
range of 1012 to 10n cm0 [1]. In order to determine this value 
more accurately an interferometric technique has been used. 
Since sufficient spatial resolution requires the use of light 
sources with wavelengths on the order and preferable less than 
the characteristic dimension of the micro plasma (100 um) a 
CO2 laser was used. At this wavelength (10.6 um) the index of 
refraction of atmospheric air plasmas with electron densities of 
1013 cm'3 is mainly determined by the heavy particles. In order 
to obtain information on the electron density, the discharge was 
operated in a pulsed repetitive mode with pulse duration varying 
between 100 us and 50 ms. Since the electrons have a much 
shorter relaxation time than the heavy particles, the fast change 
of the refractive index of a pulsed discharge during breakdown 
was considered to represent the electron part in the index of 
refraction, slower changes the heavy particle part. Conclusions 
on the dc values of the index of refraction were obtained by 
reducing the time between repetitive pulses and using the 
obtained results to extrapolate from pulsed to dc mode. The 
spatial distribution of the index of refraction was obtained by 
shifting the discharge volume through the laser beam and by 
using a inversion method to obtain the radial index profile. For a 
dc filamentary air discharge with a current of 10 mA, the 
electron density was found to be 10'3 cm"3. The width of the 
parabolic electron density profile was 0.6 mm. The diagnostic 
technique is now being applied to the measurement of the 
electron density in nanosecond pulsed air discharges at high 
overvoltage. This mode of operation is used to study electron 
heating in air plasmas [2]. Results of these studies will be 
reported. 

[1]      Robert H. Stark and Karl H. Schoenbach, Appl. Phys. 
Lett. 74,3770 (1999) 

[2)      Robert H. Stark and Karl H. Schoenbach, "Electron 
Heating in Atmospheric Pressure Air Discharges", this 
conference 
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SI2 5 MkrohoUow Cathode Discharge Exdmer Lamps.* 
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character. Reducing the diameter of the cathode hole in a hollow cathode discharge geometry to values on die order of 
100 fim has allowed us to extend the pressure range of stable, direct current hollow cathode gas discharges up to 
atmospheric pressure. The large concentration of high-energy electrons generated in die cathode fall, in combination with 
the high neutral gas density, favors three-body processes such as excimer formation. Excimer emission in xenon dis- 
charges peaking at 172 nm," was. observed with efficiencies between 6% and 9% at pressures of several hundred Torr. 
Typical forward voltages are 200 V at dc currents up to 8 mA. Pulsed operation allowed us to extend the current range. 
to 80 mA with corresponding linear increase in optical power. Spatially resolved measurements showed that the source: 

of the excimer radiation at atmospheric pressure and currents of less than 8 mA is confined to the cathode opening. The 
radiative emittance at 8 mA and atmospheric pressure is approximately 20 W/cm2. With reduced pressure and increased 
current, respectively, the excimer source extends into die area outside the cathode hole. Besides in xenon, excimer 
emission in argon at a peak wavelength of 128 nm has been recorded. In addition to operating the discharge in rare gases, 
we have also explored its use as rare gas-halide excimer'source. In a gas mixture containing 

1% ArF we were able to generate stable dc discharges in flowing gas at pressures ranging from 100 Torr to atmospheric 
pressure. The spectra of the high-pressure ArF discharges are dominated by excimer radiation peaking at 193 nm. The 
excimer emission of a single ArF discharge at 700 Torr' was measured as 150 mW at an efficiency of 3%. Parallel 
operation of these discharges by means of a resistive anode, which has recently been demonstrated for argon discharges, 
offers the possibility to use microhollow cathode discharge arrays as dc-excimer lamps, with estimated power densities 
exceeding 10 W/cm2. abstract note number, be ONLY) 
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ETP3 31 Electron Density and Temperature Measurements in 
an Atmospheric Pressure Air Plasma by Heterodyne Interfer- 
ometiy FRANK LEIPOLD, ROBERT H STARK, AHMED EL- 
HABACHI, KARL H SCHOENBAOL Old Dominion Univer- 
sity, Norfolk, VA 23529 Measurements of the electron density and 
gas temperature in a microboUow cathode supported (MCS) glow 
discharge in 1 atmosphere air have been performed by means of a 
heterodyne OOj-laser Mach-Zehnder interferometer. The index of 
retraction contains contributions from both electrons and heavy 
particles, and therefore information on the electron density and the 
density of the neutral and ionized atoms and molecules, respec- 
tively. In order to separate the. information on electron density and 
gas temperature we have measured the temporal development of 
the index of refraction during the ignition phase of the discharge. 
Since the generation of electrons occurs on a much faster tima 
scale than heating of the gas, the initial fast decay of the index of 
refraction was assumed to be due to changes in electron density,' 
the following slower decay to be due to increase in temperature, hi 
first experiments on MCS atmospheric pressure air discharges 
electron densities of 10,J to 10w cm"3 have been measured. The 
gas temperature at steady-state was found to be between 1500 K 
and 2500 K. - This work was funded by the Air Force Office of 
Scientific Research in Cooperation with the DDR&E Air Plasma 
Ramparts MURI Program and the National Science Foundation. 
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Reducing the diameter of the cathode hole in hollow cathode discharge geometry to values on die order of 100 /tm has 
allowed us to extend the pressure range of stable, direct current hollow cathode discharges up to atmospheric pressure. 
The large concentration of high-energy electrons in die nonthermal discharge, in combination with the high neutral gas 
density favors three-body processes such as rare gas excimer formation. Excimer emission in argon and xenon discharges 
peaking at 130 nm and 172 nm, respectively, was observed with an efficiency for xenon excimer emission between 6% 
and 9%.in a pressure range from 250 Torr and 450 Torr. Typical forward voltages are 200 V at dc currents of up to 8 
mA. Pulsed operation allowed us to extend the current range in xenon discharges to 80 mA. At pressures in the hundreds 
of Torr range the source of the excimer radiation extends over an area of several times the cathode opening. With 
increasing pressure die source is reduced in size and eventually, at pressures exceeding atmospheric becomes confined to 
the cathode opening. For a specific pressure the radiative power increases linearly with current at constant radiant 
emittance. For atmospheric pressure discharges in xenon the radiative emittance is approximately 20 W/cm2. In addition 
to operating the discharge in rare gases, we have also explored its use as rare gas-halide excimer source. In a gas mixture 
containing 1 % ArF we were able to generate stable dc discharges in flowing gas at pressures ranging from 100 Torr to 
atmospheric pressure. The spectra of die high-pressure ArF discharges are dominated by excimer radiation peaking at 193 
nm. The excimer emission of an ArF discharge at 700 Torr was measured as 150 mW. With a discharge voltage of 500 
V, and a current of 10 mA the efficiency is 3 %. Parallel operation of die micro-discharges by means of a resistive anode 
offers the possibility to use microhollow cathode discharge arrays as dc-excimer lamps, with estimated power densities 
exceeding 10 W/cm2. -This work is funded by the Department of Energy, Advanced Energy Division, and by the 
National Science Foundation. 



QF2 3 Atmospheric Pressure Glow Discharges in Air* ROB- 
ERT H. STARK, KARL H. SCHOENBACH, Old Dominion Uni- 
versity, Norfolk, VA 23529 DC glow discharges at atmospheric 
pressure, sustained by microhollow cathode discharges could be 
generated in argon and in air. The differential electric field 
strength along the discharge axis has been measured by reducing 
the distance between anode and cathode and by recording the 
change in voltage at constant current The electric field was found 
to be constant for distances greater than 2 mm from the cathode, as 
expected for the positive column of a glow discharge. It is 130 
V/cm for argon and \2 kV/cm for air. For less than this distance 
the electric field decreases to a small value, indicating an electron 
beam like transport mechanism in this range. Experiments in air 
with a gap distance up to 1 cm have been performed. The electrical 
data allow us to determine the electron density by using informa- 
tion on electron mobility. For a current density of 3.8 A/cm2, an 
electric field of 1.2 kV/cm, and assuming a temperature of 2000 K, 
the electron density in mid plane of the air glow is 51012 cm-3. 
The temperature value was estimated from spectral measurements, 
and through interferometry. The power density, required to sustain 
this atmospheric pressure air discharge is 4.6 kW/cm3, which is 
close to the theoretical value of 4.0 kW/cm3. 

♦This work was funded by the Air Force Office of Scientific Re- 
search in Cooperation with the DDR&E Air Plasma Ramparts 
MURI Program. 



International Conference on Plasma Science 

IEEE CONFERENCE RECORD - ABSTRACTS 

1999 IEEE INTERNATIONAL CONFERENCE 

ON PLASMA SCIENCE 

Wie 26th 
IEEE       ,EEE International 

Conference on 
Plasma Science 

June 20-24,1999 
Monterey California, USA 

Sponsored by: 
The Plasma Science & 
Applications Committee 

of the 
IEEE Nuclear & Plasma Sciences Society 

Co-Sponsors: 
Sandia National Laboratories 
Los Alamos National Laboratory 
Defense Threat Reduction Agency 



2B01-2 
Invited - 
Test Facility for High Pressure Plasmas 
Rolf Block, Mounir Laroussi & Karl H. Schoenbach, Old 
Dominion University, Norfolk, VA 23529, USA 

Test Facility for High Pressure Plasmas* 

Rolf Block, Mounir Laroussi, and Karl H. Schoenbach 
Physical Electronics Research Institute/ Appl. Research Center 

Old Dominion University, Norfolk/ Newport News, VA 

High pressure nonthermal plasmas are gaining increas- 
ing importance because of their wide range of applications, e.g. 
in air plasma ramparts, gas processing, surface treatment, thin 
film deposition, and chemical and biological decontamination. 
In order to compare various methods of plasma generation with 
respect to efficiency, development of instabilities, homogene- 
ity, lifetime etc., a central test facility for high pressure plasmas 
is being established. 

The facility will allow us to study large volume (> 100 
cm3), nonthermal (gas temperature: < 2000 K) plasmas over a 
large pressure range (10"6 Torr up to more than 1 atmosphere) 
in a standardized discharge cell. The setup was designed to 
generate plasmas in air as well as in gas mixtures. The avail- 
able voltage range extends to 25 kV dc (10 kW power). The 
electrodes can be water cooled. 

Electrical diagnostics include a 400 MHz, 2 GS/s 4- 
channel oscilloscope for current and voltage measurements and 
the detection of the onset of instabilities. 

For optical diagnostics, a CCD video camera is used to 
record the appearance of dc discharges. A high-speed light in- 
tensified CCD-camera (25 mm MCP with photocathode, gating 
speed: 200 ps, adjustable in 10 ps steps) allows to study the 
development of instabilities and can also be utilized in tempo- 
rally resolved spectroscopic measurements. 

Optical emission spectroscopy allows us to determine 
plasma parameters such as electron density (through Stark 
broadening measurements) and gas temperature measurements. 
We have particularly concentrated our efforts on gas tempera- 
ture diagnostics. The rotational structure of the second positive 
system of nitrogen contains information on the neutral gas 
temperature, which is identical with the rotational temperature 
[1]. Taking the apparatus profile into account, the temperature 
of the rotational excited molecules is determined by a compari- 
son of simulated and measured data. A spectrograph with an 
instrument profile of FWHM-O.lA is available. 

Interferometry is well suited for electron density meas- 
urements especially in weakly ionized plasmas. A 4 mm mi- 
crowave interferometer will be used for this diagnostics. Num- 
ber densities up to 7-1013 cm"3 can be measured in this wave- 
length range. For higher densities we plan to use an IR inter- 
ferometer with a CCh laser as source. 

* Funded by the Air Force Office of Scientific Research in Co- 
operation with the DDR&E Air Plasma MURI Program. 

[1] Rolf Block, Olaf Toedter and Karl H. Schoenbach, "Tem- 
perature Measurement in Microhollow Cathode Discharges in 
Atmospheric Air", Bull. APS 41 No. 6, NW1 2, p. 1478,1998. 
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Microhollow Cathode Discharges in Atmospheric 
Air 
R.H. Stark, U. Ernst, R. Block, M. El-Bandrawy and 
K.H. Schoenbach, Old Dominion University, Norfolk, 
VA 23529, USA 

Microhollow Cathode Discharges in Atmospheric Air 

R. H. Stark, U. Ernst', R. Block, M. El-Bandrawy, 
and K. H. Schoenbach 

Physical Electronics Research Institute, Old Dominion 
University, Norfolk, VA 23529 

Microhollow   electrode   discharges   (MHO)   [I]   are   gas 
discharges between closely spaced (submillimeter) electrodes 
containing openings with diameter, D, on the same order as the 
electrode gap. In previous experiments the reduction of the size 
of the cathode opening to 100 urn has allowed us to generate 
stable, direct current discharges in air up to atmospheric pressure 
[2]. The microhollow cathode discharges were operated at 
currents of up to 20 mA, corresponding to current densities of 
250 A/cm2 and at average electric fields of 16 kV/cm. The gas 
temperature of the MHCD was determined by spectroscopic 
measurements of the excited vibrational states of the nitrogen 
molecules. First results indicate mat the gas temperature at 
atmospheric pressure and currents of 20 mA is close to 2000 °K. 
Parallel operation of MHCDs can be achieved by ballasting each 
discharge resistively [3]. Without resistive ballast, the discharge 
itself needs to be resistive, mat means the current voltage 
characteristic of the discharge must have a positive slope. 
Results of modeling [4] show an increase of the forward voltage 
with current at high current values. However, overheating of the 
electrodes prevents dc operation of parallel discharges in 
atmospheric air in mis current range. In order to extend the range 
of operation into the high current mode, were the discharge 
becomes resistive, it needs to be pulsed. In pulsed operation, 
with pulse duration in the range from 1 to 100 microseconds, the 
current range could be extended to 80 mA. At higher current, 
glow-to-arc transition was observed. The results show, that 
pulsed operation at high current might allow to operate 
discharges in parallel without individual ballast 

[1] K. H. Schoenbach, A El-Habachi, W. Shi, and M. Ciocca, 
"High Pressure Hollow Cathode Discharges," Plasma Sources 
Science and Technology 6,468 (1997). 
[2] R. Block, O. Toedter, and K. H Schoenbach, Temperature 
Measurements    in   Microhollow   Cathode   Discharges    in 
Atmospheric Air", Bull. APS 4i, 1478 (1998). 
[3] W. Shi, R H. Stark and K. H Schoenbach, "Parallel 
Operation of Microhollow Cathode Discharges", to appear in 
IEEE Trans. Plasma Science. 
[4] A Fiala, L. C. Pitchford, and J. P. Boeuf, Proc. XXII Conf. 
Phenomena in Ionized Gases, Hoboken, NJ, 1995, Contr. Papers 
4,p.l91. 

This work was solely funded by the Air Force Office of 
Scientific Research (AFOSR) in cooperation with the DDR&E 
Air Plasma Ramparts MURI program. 
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Microhollow Cathode Discharges as Plasma Cathodes for 
Atmospheric Pressure Glow Discharges in Air 

Robert H. Staik and Kari H. Schoenbach 
Physical Electronics Research Institute, 

Old Dominion University, Norfolk, VA 23529 

One of the main obstacles for dc operation of high-pressure glow 
discharges is the glow-to-arc transition, an instability that 
originates in the high field region of the discharge: the cathode 
fall. Reduction or even elimination of the cathode fall is possible 
by using a plasma cathode. A microhollow cathode discharge 
(MHCD) [1] has been used as plasma cathode for a glow 
discharge in air, sustained between the hollow anode of the 
MHGD and a third electrode which was positively biased with 
respect to the MHCD anode [2]. With this method we were able 
to obtain stable dc operation in air up to atmospheric pressure 
without reaching the threshold for glow-to-arc transition. Current 
and voltage characteristics, axial electric field distribution and 
the visual appearance of this glow discharge and the MHCD 
were studied in air at atmospheric pressure [3]. In order to obtain 
the stable air discharge the current in the MHCD needs to exceed 
a threshold value. Typical threshold currents for a 100 um 
diameter hollow cathode are 5-10 mA. Above the threshold, the 
current in the glow discharge is identical with the MHCD current 
and can be controlled by varying the MHCD voltage. The glow 
discharges were operated at currents of up to 22 mA, 
corresponding to current densities of 3.8 A/cm and at average 
electric fields of 1.2 kV/cm. Electron densities in the glow were 
estimated to be on the order of 10" cm". Temperature 
measurements in one MHCD indicated that the temperature m 
the glow discharge is below 2000 8K [4]. Parallel operation of 
these glow discharges by using arrays of MHCDs offers the 
possibility for large volume high pressure operation [5]. 

[1] K. H. Schoenbach, A El-Habachi, W. Shi, and M. Ciocca, 
Plasma Sources Sei. Techn. 6,468 (1997). 
[2] R. H. Stark and K. H. Schoenbach, "Direct Current High 
Pressure Glow Discharges'*, to appear in J. Appl. Phys. 
[3] R. H. Stark and K. H. Schoenbach, "Direct Current Glow 
Discharges in Atmospheric Air", submitted to Appl. Phys. Lett. 
[4] R. H. Stark, U. Ernst, R. Block, and K. H. Schoenbach, 
"Microhollow Cathode Discharges in Atmospheric Air", this 
conference. 
[5] W. Shi, R. H. Stark and K. H. Schoenbach, "Parallel 
Operation of Microhollow Cathode Discharges**, to appear m 
IEEE Trans. Plasma Science''. 

This work was solely funded by the Air Force Office of 
Scientific Research (AFOSR) in cooperation with the DDR&E 
Air Plasma Ramparts MURI program. 
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Erlangen-Nuremberg, Erlangen, Germany 

Pulsed Operation of Microhollow Cathode 
Discharges in Atmospheric Air 

Uwe Ernst1, Robert H. Stark2, Karl H. 
Schoenbach2, Klaus Frank1 und Werner 
Hartmann 
1) Department of Physics, University of 
Erlangen-Nuremberg, Germany 
2) Physical Electronics Research Institute, Old 
Dominion University, Norfolk, VA 23529, 
USA 
3) Siemens AG Erlangen, Germany 

Reducing the diameter of the cathode opening 
to values on the order of 100 micrometer 
allowed us to operate stable dc hollow cathode 
glow discharges in air at atmospheric pressure. 
Discharge currents of up to 30 mA with 
forward voltages around 400 V have been 
realized. In order to generate arrays of 
microhollow cathode discharges without 
resistive ballast, the current voltage 
characteristic of the discharge needs to have a 
positive slope. Results of modeling show the 
required increase of the forward voltage with 
current at high current values. However, 
overheating of the electrodes prevents dc 
operation of parallel discharges in atmospheric 
air in this current range. In order to extend the 
range of operation into the high current mode, 
the discharge has been operated pulsed with 
pulse duration from 1 to 100 microsecond. 
First experimental results confirm the modeling 
results. The electrical characteristic and the 
optical appearance of the discharge plasma in 
pulsed microhollow cathode discharges and its 
applications will be discussed. 
This work was supported by the National 
Science Foundation (NSF), the Air Force 
Office of Scientific Research (AFOSR) and 
Siemens Germany 
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Fachvortrag 
Direct   Current   Atmospheric  Pressure   Glow   Discharges — 
•ROBERT H. STARK and KARL H. SCHOENBACH — Physical Elec- 
tronics Research Institute, Old Dominion University, Norfolk, VA 23529, 
USA 

A novel plasma cathode for the sustainment of large volume, high 
pressure dc glow discharges has been developed. A microhollow cathode 
discharge (MHCD) with 100 micrometer diameter cathode and anode 
holes was used to provide electrons for a large volume glow discharge, 
sustained between the hollow anode of the MHCD and a third electrode. 
Current and voltage characteristics, and the visual appearance of the 
glow discharge and MHCD were studied in argon and air. We are able to 
get stable dc operation in argon and air up to 1 atm. The glow discharge 
is ignited when the current in the plasma cathode (MHCD), which is 
on the order of mA, reaches a threshold value. This threshold current 
increases with reduced applied voltage across the main gap. Above, this 
transition the current in the glow discharge is identical to the MHCD 
current and can be controlled by varying the MHCD voltage. Then the 
electrical characteristic of this system of coupled discharges resembles 
that of a vacuum-triode. The electron density in the plasma column'is 
on the order of lOil to 1013 cm:3. Parallel operation of microhollow 
cathode discharges have indicated that large area high pressure stable 
glow discharges can be obtained by using arrays of MHCDs as electron 
sources. 

This work was funded by the Air Force Office of Scientific Research 
(AFOSR) in cooperation with the DDR&E Air Plasma Ramparts MURI 
Program, and the National Science Foundation (NSF). 
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Pulsed Operation of Microhollow Cathode Discharges in At- 
mospheric Air - »UWE ERNST1, ROBERT H. STARK2, KARL 

H. SCHOENBACH2, KLAUS FRANK1, and WERNER HARTMANN - 
'Department of Physics, University of Erlangen-Nuremberg, Germany 
- Physical Electronics Research Institute, Old Dominion University, 
Norfolk, VA 23529, USA — Siemens AG Erlangen, Germany 

Reducing the diameter of the cathode opening to values on the or- 
der of 100 micrometer allowed us to operate stable dc hollow cathode 
glow discharges in air at atmospheric pressure. Discharge currents of up 
to 30 mA with forward voltages around 400 V have been realized.  In 

order to generate arrays of microhollow cathode discharges withoutre- 
sistive ballast, the current voltage characteristic of the discharge needs 
to have a positive slope. Results of modeling show the required increase 
of the forward voltage with current at high current values However, 
overheating of the electrodes prevents dc operation of parallel discharges 
in atmospheric air in this current range. In order to extend the range of 
operation into the high current mode, the discharge has been operated 
pulsed with pulse duration from 1 to 100 microsecond. First experi- 
mental results confirm the modeling results. The electncal characteristic 
and the optical appearance of the discharge plasma in V^JE"*™* 
low cathode discharges and its applications will be djscussed This work 
was supported by the National Science Foundation (NSF), the Air Force 
Office of Scientific Research (AFOSR) and Siemens Germany. 
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Parallel   Operation   of  Microhollow  Cathode   Discharges — 
•ROBERT H. STARK, WENHUI SHI, and KARL H. SCHOENBACH — 
Physical Electronics Research Institute, Old Dominion University, Nor- 
folk, VA 23529, USA 

The dc current-voltage characteristics of microhollow cathode dis- 
charges has, in certain ranges of the discharge current, a positive slope. 
In these current ranges it should be possible to operate multiple dis- 
charges in parallel without individual ballast. Such arrays could be used 
as flat panel excimer lamps or large area plasma cathodes. In order to 

verify this hypothesis we have studied the parallel operation of two mi- 
crohollow cathode discharges of 100 micrometer hole diameter in argon 
at pressures from 100 torr to 800 torr. Stable dc operation of the two dis- 
charges, without individual ballast, was obtained if the voltage-current 
characteristics of the individual discharges had a positive slope greater 
than 10 V/mA over a voltage range of more than 5 % of the sustain- 
ing voltage. In order to obtain parallel operation over the entire current 
range of the microhollow cathode discharges, which includes regions of 
negative differential conductivity, we have replaced the metal anode by a 
semi-insulating semiconductor, which serves as distributed resistive bal- 
last. With this method, we were able to ignite and sustain an array of 
16 dc microhollow cathode discharges over a wide range of pressure and 
discharge current. 

This work was funded by the Department of Energy, Advanced Energy 
Division, and by the Air Force Office of Scientific Research (AFOSR) in 
cooperation with the DDR&E Air Plasma Ramparts MURI Program. 
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' JTP6 8 Parallel Operation of MlcrohoDow Cathode Dis- 
charges ROBERT H.  STARK, WENHUI SHI,  KARL H. 
SCHOENBACH, Physical Electronics Research Institute, Old 
Dominion University, Norfolk, VA 23529 The dc current-voltage 
characteristics of microhollow cathode discharges has, in certain 
ranges of the discharge current, a positive slope [1]. In these cur- 
rent ranges it should be possible to operate multiple discharges in 
parallel without individual ballast, and be used as flat panel exci- 
mer lamps [2] or large area plasma cathodes. In order to verify tins 
hypothesis we have studied the parallel operation of two mkro- 
hollow cathode discharges of 100 micrometer hole diameter in 
argon at pressures from 100 Torr to 800 Torr. Stable dc operation 
of the two discharges, without individual ballast, was obtained if 
the voltage-current characteristics of the individual discharges had 
a positive slope greater titan 10 V/mA over a voltage range of 
more titan 5 to obtain parallel operation over the entire current 
range of the microhollow cathode discharges, which includes re- 
gions of negative differential conductivity, we have replaced the 
metal anode by a semi-insulating semiconductor, which serves as 
distributed resistive ballast With tins method, we were able to 
ignite and sustain an array of dc microhollow cathode discharges 
over a wide range of pressure and discharge current [1] KJi 
Schoenbach et aL AppL Phys. Lett 68, 13 (1996). [2] AS- 
Habachi and KJLSchoenbach, APL. 72,1 (1998). This work was 
funded by die Department of Energy, Advanced Energy Division, 
and by the Air Force Office of Scientific Research (AFOSR) in 
cooperation with die DDR&E Air Plasma Ramparts MURI Pro- 
gram. 
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NW1 1 Plasma Cathodes as Electron Sources for Large Vol- 
ume, High-Pressure Glow Discharges ROBERT H. STARK, 
KARL H. SCHOENBACH, Physical Electronics Research Insti- 
tute. Old Dominion University, Norfolk, VA 23529 A method to 
suppress the glow-to-arc transition in high pressure glow dis- 
charges is the use of a plasma cathode consisting of microhollow 
cathode discharges (MHCD) [1]. In our experiment a microhollow 
cathode discharge with a 100 micrometer diameter cathode hole 
and identical anode hole was used to provide electrons for a large 
volume main discharge, sustained between the hollow anode of the 
MHCD and a third electrode. Current and voltage characteristics, 
and the visual appearance of the main discharge and MHCD were 
studied in argon and air by using the micro plasma cathode as 
electron source. We are able to get stable dc operation in argon up 
to 1 atm and in air up to 600 ton*. The main discharge is ignited 
when the. current in the plasma cathode (MHCD), which is on the 
order of mA, reaches a threshold value. This threshold current 
increases with reduced applied voltage across the main gap. Above 
this transition the current in the main discharge is on the same 
order as the MHCD current and can be controlled by the MHCD 
current Experiments with two MHCDs in parallel have indicated 
that large area high pressure stable glow discharges can be gener- 
ated by using arrays of MHCDs as electron sources. [1] K H. 
Schoenbach et al. Plasma Sources Sei. Techn. 6,468 (1997). This 

work was solely funded by the Air Force Office of Scientific 
Research (AFOSR) in cooperation with the DDR&E Air Plasma 
Ramparts MURI program. 
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NW1 2 Temperature Measurement in MicrohoUow Cathode 
Discharges   in   Atmospheric   Air' ROLF   BLOCK,   OLAF 
TOEDTER, KARL H. SCHOENBACH, Physical Electronics Re- 
search Institute, Old Dominion University, Norfolk, VA, USA By 
reducing the diameter of the cathode opening in hollow cathode 
discharge geometry to values on the onWr of one hundred mi- 
crometers we were able to operate the discharges in a direct cur- 
rent mode at atmospheric pressure in air. The possibility to operate 
microhollow cathode discharges (MHCD) in parallel [1] in atmo- 
spheric air opens a wide range of applications. At atmospheric 
pressures, the electric power of a single discharge was measured 
as 8W. The power density in the microhollow exceeds lMW/cm3. 
This leads to strong thermal loading of the electrodes. In order to 
study the thermal properties of the discharge we have used a 
method based on emission spectroscopy. The rotational structure 
of the emitted lines corresponding to the second positive system of 
nitrogen contains information on the neutral gas temperature. Tak- 
ing the apparatus profile into account the temperature of the rota- 
tional excited molecules can be estimated by a comparison of 
simulated and measured data. Measurements on MHCD up to 
atmospheric pressure show an increase in the neutral gas tempera- 
ture to values exceeding 1000K. In addition to the gas temperature 
the electrode temperatures were measured and the thermodynamic 
behavior of the electrode configuration was calculated. [1] W. Shi, 
KH. Schoenbach Parallel Operation of Microhollow Cathode Dis- 
charges, ICOPS98, Raleigh, NC, USA. 1998 This work was' 
funded by the Air Force Office of Scientific Research (AFOSR) in 
cooperation with the DDR&E Air Plasma Ramparts MURI pro- 
gram, and by die Department of Energy, Advanced Energy 
Division. 
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Plasma Cathodes for Large Volume, High-Pressure Glow 
Discharges 

Robert H. Stark and Karl H. Schoenbach 
Physical Electronics Research Institute, 

Old Dominion University, Norfolk, VA 23529 

Research in high pressure glow discharges is motivated by 
applications such as instantly activated reflectors and absorber for 
electromagnetic radiation, plasma processing, gas lasers, and the 
remediation of gaseous pollution. One of the main obstacles for dc 
operation of high-pressure glow discharges is the glow-to-arc 
transition,-an instability that originates in the high field region of the 
discharge: the cathode fall A way to suppress this instability is the 
use of a plasma cathode consisting of microhollow cathode 
discharges (MHCD) [1]. In our experiment a microhollow cathode 
discharge with a 100 um diameter cathode hole and identical anode 
hole was used to provide electrons for a large volume main 
discharge, sustained between the hollow anode of the MHCD and a 
third electrode. The distance of this electrode from the MHCD 
anode was varied between 2.S mm to 9.5 mm, a value large 
compared to the 200 um anode-cathode gap of the MHCD. 
Current and voltage characteristics, and the visual appearance of 
the main discharge and MHCD were studied in argon and air at 
pressures up to several hundred Torr. Using the micro plasma 
cathode as electron source to support the main discharge we are 
able to get a stable dc operation in argon up to pressures of more 
than 400 Torr without reaching the threshold for glow-to-arc 
transition. The results in air were similar to those in argon, 
however, the transition from a stable discharge into a filamentary 
occurred at lower pressure (<60 Torr). The main discharge is 
ignited when the current in the plasma cathode (MHCD), which is 
on the order of mA, reaches a threshold value. This threshold 
current increases with reduced applied voltage across the main gap. 
Above this transition the current in the main discharge is on the 
same order as the MHCD current. The experimental results indicate 
the presence of an "electron-beam" in the hollow cathode discharge 
phase, that is emitted through the anode hole [2]. The 
demonstrated controllability of a relatively large volume glow 
discharge by means of one MHCD indicates the possibility to 
generate large volume high pressure plasmas through parallel 
operation of MHCD supported glow discharges. 

[1] K. H. Schoenbach et al, Plasma Sources Sei. Techn. 6, 468 
(1997). 
[2] R Stark et al, this conference. 

This work was solely funded by the Air Force Office of Scientific 
Research (AFOSR) in cooperation with the DDR&E Air Plasma 
Ramparts MURI program. 
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Microhollow Cathode Discharges as Electron Sources 

Robert H. Stark and Karl H. Schoenbach 
Physical Electronics Research Institute. Old Dominion University 

Norfolk. VA 23529 

Microhollow electrode discharges (MHCD) [1] are gas discharges 
between closely spaced (submillimeter) electrodes containing 
openings with diameter, D, on the same order as the electrode gap. 
Reducing the size of the cathode opening to 100 urn has allowed us 
to generate stable, direct current discharges in argon and xenon up 
to atmospheric pressure, in air up to 400 Torr [2]. Results of 
previous experiments with a hollow electrode configuration in air at 
several Torr indicated the presence of an "electron-beam" emitted 
through the anode hole [3]. Experiments in a similar geometry but 
at much higher pressure, in air and in argon [4], point again to the 
fact that the energy distribution of the electrons emitted through 
the anode hole is anisotropic, with a strong component in forward 
direction. The dependence of the directed emission of electrons 
through the hollow anode from the hollow cathode discharge 
parameters, was studied in argon and air for pressures up to several 
hundred Torr, using a third, biased electrode as electric probe. A 
model for the observed directed electron emission, and its effect on 
the sustainment of a large volume discharge between hollow anode 
and the third electrode [4] will be presented. 

[1] K. H. Schoenbach et al, Plasma Sources Set. Technol. 6, 468 
(1997) 
[2] A. Khedr et al, this conference 
[3] K. H. Schoenbach et al, Proc. Gas Discharges and Their 
Applications, Greifswald, Germany, 1997, p. 280. 
[4] Robert H. Stark et al, this conference 
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Research on weakly ionized atmospheric air is motivated by 
applications such as reflectors and absorbers of electromagnetic 
radiation (plasma ramparts), large volume material processing, 
gaseous pollution remediation, and field enhanced combustion. The 

electron densities for these applications range between 10" and 
1015 cm"1. Particularly, applications as plasma ramparts require 
electron densities on the order of 1011 cm'1. Measurements of 
electron densities with sufficient spatial and temporal resolution to 
explore the development of instabilities, such as glow-to-arc 
transitions, are essential for the characterization of these air 
plasmas. Two diagnostic techniques have been identified as best 
suited for this application: interferometric techniques, and 
techniques based on emission spectroscopy. Microwave 
interferometry is well suited for plasmas where the electron density 
integrated over the path length is less than 10" cm'2. For higher 
values of the density times path length integral far infrared lasers 
are required. Emission spectroscopy measurements of the Stark- 
broadened Balmer ß line of hydrogen represent a very effective 
technique for the determination of electron densities in excess of 
5xl015 cm'1 with high spatial resolution. This technique is however 
more difficult to apply at electron number densities below 5x10" 
cm'1 as instrumental and Doppler broadenings become comparable 
to Stark broadening. Other diagnostic techniques such as Thomson 
scattering and electric probe measurements are well established for 
low pressure plasmas. Their potential for the measurement of 
electron densities in weakly ionized atmospheric pressure air has yet 
to be explored. We will, in this paper, discuss the potential and the 
limitations of the various electron density diagnostic techniques for 
the characterization of weakly ionized atmospheric air. 

This work was funded by the Air Force Office of Scientific 
Research (AFOSR) in cooperation with the DDR&E Air Plasma 
Ramparts MURI program. 
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The dc current-voltage characteristics of microhollow cathode 
discharges has, in certain ranges of the discharge current, a 
positive slope [1]. In these current ranges it should be possible to 
operate multiple discharges in parallel without individual ballast, 
and be used as flat panel excimer lamps [2] or large area plasma 
cathodes. In order to verify this hypothesis we have studied the 
parallel operation of two microhollow cathode discharges of 100 
um hole diameter in argon at pressures from 100 Torr to 800 
Torr. Stable dc operation of the two discharges, without 
individual ballast, was obtained if the voltage-current 
characteristics of the individual discharges had a positive slope 
greater than 10 V/mA over a voltage range of more than 5 % of 
the sustaining voltage. Small variations in the discharge 
geometry generated during fabrication of cathode holes or caused 
by thermal effects during discharge operation are detrimental to 

parallel operation. Varying the distance between the discharges 
from twice the hole diameter to approximately five times did not 
affect the parallel operation. The total current was always slightly 
larger than the sum of the currents measured for the individual 
discharges, indicating coupling between the two discharges. 
In order to obtain parallel operation even for microhollow 
cathode geometries with large variations, we have studied the 
effect of distributed resistive ballast on the operation of such 
discharges. A distributed resistive ballast was simulated by using 
22 kQ ballast resistors for the individual discharges and a 
variable resistor between the discharges in a geometry with 
segmented anode. In order to initiate the discharges the coupling 
resistor needed to be on the order of 100 k£l After ignition it 
could be reduced to the same value as the ballast resistors 
without affecting the parallel operation. These results indicate 
that a resistive film on a segmented anode would stabilize the 
discharges and allow the formation of large arrays in a flat panel 
arrangement. They  also  indicate that parallel  operation of 
microhollow cathode discharge is possible without ballast if the 
variation in discharge geometries is reduced to the order of 

percent. 

[1] K.H.Schoenbach et al. Appl. Phys. Lett. 68,13 (1996). 
[2] A.E1-Habachi and K.H.Schoenbach, APL. 72,1 (1998). 
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